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3 NOTICES 
T h i s  r e p o r t  was p repa red  as an  account  of Government-sponsored 
work. Ne i the r  t h e  Uni ted  S t a t e s  nor  t he  N a t i o n a l  A e r o n a u t i c s  and  
Space Admin i s t r a t ion  (NASA), nor  any pe r son  a c t i n g  on b e h a l f  of 
NASA : 
A )  Makes any war ran ty  or r e p r e s e n t a t i o n ,  e x p r e s s e d  
o r  imp l i ed ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  com- 
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t a i n e d  i n  t h i s  r e p o r t ,  or t h a t  the  use  of  any  
in fo rma t ion ,  a p p a r a t u s ,  method, or p r o c e s s  d i s -  
c losed  i n  t h i s  r e p o r t  may n o t  i n f r i n g e  p r i v a t e l y  
owned r i g h t s ;  or 
Assumes any l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  use  
o f ,  o r  f o r  damages r e s u l t i n g  from the use  of any 
in fo rma t ion ,  a p p a r a t u s ,  method or p r o c e s s  d i s -  
c losed  i n  t h i s  r e p o r t .  
B) 
A s  used  above, "person a c t i n g  on b e h a l f  of  NASA" i n c l u d e s  any 
employee or c o n t r a c t o r  of NASA, or employee of  such  c o n t r a c t o r ,  
t o  t h e  e x t e n t  t h a t  such  employee or c o n t r a c t o r  of NASA, or e m -  
p loyee  of such c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  or p r o v i d e s  
a c c e s s  t o ,  any in fo rma t ion  pu r suan t  t o  t h i s  employment w i t h  such  
c o n t r a c t o r .  
Disseminat ion  o u t s i d e  the c o n t r a c t i n g  government agency or t o  
r e c i p i e n t s  o t h e r  t h a n  Government de fense  c o n t r a c t o r s  n o t  
a u t h o r i z e d .  
Request  cop ie s  of t h i s  r e p o r t  should  be r e f e r r e d  t o :  
Na t iona l  Aeronau t i c s  and Space A d m i n i s t r a t i o n  
Of f i ce  of S c i e n t i f i c  and T e c h n i c a l  I n f o r m a t i o n  
Washington, D.  C . ,  20025 
A t t e n t i o n :  AFSS-A 
___ ~~ 
0 MONSANTO RESEARCH CORPORATION 0 
~~ -~~ 
Q u a r t e r l y  R e p o r t  No. 1 
STUDY OF FUEL CELLS U S I N G  STORABLE 
ROCKET PROPELLANTS 
18 F e b r u a r y  t o  17 May 1965 
NASA CR- 54428 
MRB5009Q1 
R.  F. Drake ,  L. F. A t h e a r n ,  R .  E .  C h u t e ,  
B. M. F a b u s s ,  J. C .  O r t h ,  P. L. T e r r y ,  a n d  J. 0. S m i t h  
prepared for 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
2 8  May 1965 
CONTRACT NAS3-6476 
T e  c hn i ca 1 Manage m e  n t 
NASA Lewis R e s e a r c h  C e n t e r  
C l e v e l a n d ,  Ohio 
Space  Power Systems D i v i s i o n  
R o b e r t  B. K i n g ,  T e c h n i c a l  Manager 
MONSANTO RESEARCH CORPORATION 
BOSTON LABORATORY 
E v e r e t t ,  M a s s a c h u s e t t s  02149 
T e l :  617-389-0480 
. SUMMARY 
T h i s  q u a r t e r  we completed t h e  d e s i g n  and c o n s t r u c t i o n  of  
equipment t o  per form s t u d i e s  on (1) t h e  decomposi t ion  o f  N 2 O 4  
t o  a n  oxygen-r ich  f u e l  c e l l  feed  s t ream,  and ( 2 )  t h e  decompo- 
s i t i o n  or steam re fo rming  o f  Aerozine-50 t o  a hydrogen- r i ch  
f u e l  c e l l  feed s t r e a m .  
I n i t i a l  s t u d i e s  i n d i c a t e  t h a t  t h e  N 2 H 4  f r a c t i o n  o f  Aeroz ine-  
50 can  be decomposed a t  moderate t e m p e r a t u r e s  ( a b o u t  8 0 " ~ )  w i t h  
e i t h e r  a Rh o r  Raney N i  c a t a l y s t ,  b u t  t h e r e  i s  l i t t l e  decompo- 
s i t i o n  of t h e  UDMH (unsymmetr ica l  d ime thy l  h y d r a z i n e ) .  
a s i g n i f i c a n t  amount of thermal  decomposi t ion  of  UDMH was r e a l i z e d .  
Steam reforming  o f  UDMH was accomplished w i t h  a Ni -base  r e fo rming  
c a t a l y s t  a t  500°C w i t h  a n  a v a i l a b l e  H2 e f f i c i e n c y  of 37.4%. 
There  was l i t t l e  decomposi t ion  of N 2 O 4  on 6 d i f f e r e n t  
c a t a r r s t s  w i t h  t e m p e r a t u r e s  up t o  800°C. 
NO demonst ra ted  on some o f  t h e s e  c a t a l y s t s  i n d i c a t e d  a n  i n h i b i t i n g  
e f f e c t  i n  t h e  N 2 O 4  decomposi t ion r e a c t i o n  e i t h e r  by N 2 O 4  i t s e l f  
o r  by p roduc t  02. 
A t  500°C 
The decomposi t ion  of 
S t u d i e s  on t h e  d i r e c t  u s e  o f  N 2 O 4  a t  MRD ca rbon  c a t h o d e s  
i n d i c a t e  t h a t  ca rbon  c o n t e n t  and s c r e e n  mesh s i z e  a r e  i m p o r t a n t  
performance p a r a m e t e r s .  A method was developed t o  de te rmine  t h e  
d i f f u s i o n  r a t e  o f  N 2 O 4  t h rough  t h e s e  e l e c t r o d e s .  D i f f u s i o n  
r a t e s  were s e v e r a l  times h i g h e r  t h a n  s t o i c h i o m e t r i c  r e q u i r e m e n t s  
up t o  200 ma/cm2, i n d i c a t i n g  t h a t  e x c e s s  r e a c t a n t  can d i s s o l v e  
i n  t h e  e l e c t r o l y t e .  
A c a t a l y s t  program f o r  t h e  d i r e c t  u s e  o f  Aerozine-50 f u e l  
produced  a t  l e a s t  one c a t a l y s t  ( R h )  t h a t  shows good a c t i v i t y .  
However, t h e r e  i s  e v i d e n c e  t h a t  on ly  t h e  N 2 H 4  component i s  a c -  
t i v e .  
Des ign  s t u d i e s  on 1/3 f t 2  e l e c t r o d e s  f o r  t h e  d i r e c t  u s e  o f  
N 2 O 4  'showed t h e  impor tance  o f  gas  v e l o c i t y  and mani fo ld  g roov ing  
c o n f i g u r a t i o n  on e l e c t r o d e  per formance .  The water - removal  
problem has been a t t a c k e d .  D e t a i l e d  d a t a  were a c q u i r e d  on t h e  
t r a n s p o r t  of w a t e r  vapor  through the e l e c t r o d e s .  The e l e c t r o d e  
and man i fo ld  geometry f o r  l/3 f t 2  N 2 O 4  e l e c t r o d e s  has been es- 
t a b l i s h e d  
ii 
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I. INTRODUCTION 
A .  BACKGROUND 
T h i s  i s  the t h i r d  stage of a n  i n v e s t i g a t i o n  whose o b j e c t i v e  
i s  t o  deve lop  a f u e l  c e l l  o p e r a t i n g  on s t o r a b l e  r o c k e t  p r o p e l l a n t s  
as p r imary  or secondary  r e a c t a n t s .  Work on t h e  p r e v i o u s  c o n t r a c t  
(NAS3-4175) l a r g e l y  concerned  t h e  i n v e s t i g a t i o n  of a number of 
p o s s i b l e  systems and c e l l  c o n f i g u r a t i o n s  and  cu lmina ted  i n  t h e  
c o n s t r u c t i o n  and long- te rm t e s t i n g  of two c e l l  t y p e s .  One c o n f i g -  
u r a t i o n  used  N2H4 d i s s o l v e d  i n  KOH e l e c t r o l y t e  as t h e  f u e l  and 
gaseous  02 as  t h e  o x i d i z e r .  The o t h e r  sys tem used  N 2 H 4  d i s s o l v e d  
i n  H3P04 e l e c t r o l y t e  as t h e  f u e l  and gaseous  N 2 0 4  as t h e  o x i d i z e r .  
Both sys tems were developed  t o  the p o i n t  where System Designs 
were s u b m i t t e d  t o  NASA s p e c i f i c a t i o n s  ( R e f .  1) .  
The p r e s e n t  c o n t r a c t  c a l l s  f o r  t he  i n v e s t i g a t i o n  and  develop-  
ment of c e l l s  o p e r a t i n g  on gaseous N 2 0 4  and Aerozine-50 as d i r e c t  
r e a c t a n t s ,  and f o r  a r e fo rming  c a p a b i l i t y  t o  u s e  these r e a c t a n t s  
t o  produce  02- and HE- r i ch  feedstreams for f u e l  c e l l s .  The con- 
s t r u c t i o n  and o p e r a t i o n  of working r e f o r m e r s  and c e l l s  are t h e  
o b j e c t i v e s  of t h i s  work. 
B. PROGRAM OR G A N I  ZATI ON 
The p r o j e c t  c o n s i s t s  of t h r e e  phases ,  t o  be performed rough ly  
i n  ser ies .  The o v e r a l l  work p l a n  shown i n  F i g u r e  1 i l l u s t r a t e s  
the  major  tasks  to be  performed.  D e t a i l e d  working p l a n s  f o r  
Phase I have been developed  and a r e  i l l u s t r a t e d  i n  F i g u r e  2 .  There 
are  three major  t a s k s  i n  t h i s  phase :  r e f o r m i n g  of Aerozine-50,  
c a t a l y t i c  decomposi t ion  o f  N204, and e l e c t r o d e  development f o r  
d i r e c t  r e a c t a n t  u s e .  Each t a s k  has been f u r t h e r  broken down i n t o  
s u b t a s k s  which r e p r e s e n t  the  a c t u a l  work b e i n g  done t o  complete  
t h e  t a s k  s u c c e s s f u l l y .  Subtasks  are d i s c u s s e d  i n  more d e t a i l  i n  
Appendix I. 
The p r o j e c t  and t h i s  r e p o r t  have been o r g a n i z e d  around t h e  
t a s k - s u b t a s k  and PERT c o n c e p t s .  The advan tages  o f  t h i s  a r r a n g e -  
ment a re :  
1. It i n s u r e s  adequa te  p l ann ing .  
2 .  It a i d s  c l a r i t y  of communication. 
3. It gives  a c lear  p i c t u r e  of  p r o j e c t  s t a t u s .  
4 .  It p i n p o i n t s  problem a r e a s  and t r o u b l e  s p o t s  e a r l y .  
1 
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C .  SCOPE OF THIS REPORT 
T h i s  r e p o r t  cove r s  work done on t h e  s u b t a s k s  l i s t e d  below 
( re fer  t o  F igu re  2 and Appendix I ) .  
Subtask  
Number D e s c r i p t i o n  Work S t a t u s  
1.1 Assemble Aerozine-50 Reformer complete  
1 . 2  Run I n i t i a l  S c r e e n i n g  Tests 40$ complete  
2 . 1  Assemble N 2 0 4  C a t a l y t i c  Reac to r  complete  
2 .2  Run I n i t i a l  Sc reen ing  Tes ts  258 complete 
3.1 Cathode Op t imiza t ion  50$ complete  
3 .2  Develop Aerozine-50 Anode 2 5 s  complete  
3.3 Design l /3-ft2 E l e c t r o d e s  5@ complete  
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11. TASK I. REFORMING OF AEROZINE-50 
A. BACKGROUND 
1. O b j e c t i v e s  
a. Low- Temp e rat  u r e  Dee omp o s i t i on 
The o b j e c t i v e  of t h i s  s u b t a s k  i s  t o  produce a hydrogen- r i ch  
(ove r  50%) gas  p roduc t  s t r eam u t i l i z i n g  a s  much of t h e  a v a i l a b l e  
hydrogen a s  p o s s i b l e .  
b. 
The o b j e c t i v e  of t h i s  s u b t a s k  i s  t o  use p o t e n t i a l  H 2  f rom 
t h e  UDMH p o r t i o n  of Aerozine-50 by s team reforming ,  t h u s  g i v i n g  
g r e a t e r  H2 ou tpu t  p e r  pound of Aerozine-50 i n p u t .  
2. L i t e r a t u r e  
a. Low-Temperature N2H4 Decomposition 
Low-temperature N 2 H 4  decomposi t ion w a s  i n v e s t i g a t e d  by 
A u d r i e t h  and J o l l y  (Ref. 2 )  w i t h  Raney n i c k e l  c a t a l y s t ,  bo th  w i t h  
and w i t h o u t  p l a t inum promoters .  The t empera tu re  range i n v e s t i -  
g a t e d  w a s  O - 5 O o C ,  over  which an a c t i v a t i o n  ene rgy  of 17.1 k c a l /  
mole w a s  found. The decomposi t ion y i e l d e d  HE,  N 2  and "3, w i t h  
a b o u t  75-83$ of t h e  N 2 H 4  decomposing H 2  and N 2 .  
unpromoted Raney n i c k e l  c a t a l y s t ,  gas e v o l u t i o n  r a t e s  of 8 .4  m l  
p e r  min. p e r  g c a t a l y s t  was obta ined ,  whi le  Raney n i c k e l  w i t h  13% 
KZPtCl6 promotion gave a r a t e  of 100.0 m l  of gas/min./g c a t a l y s t .  
A t  25OC, w i t h  
Russ i an  workers  (Ref. 3) i n v e s t i g a t i n g  t h e  c a t a l y t i c  a c t i v i t y  
of p o l y c h e l a t e s  on N 2 H 4  vapor  a t  74°C and 104°C found t h a t  some 
coppe r  and z i n c  p o l y c h e l a t e s  gave over  80% r e a c t i o n  t o  H 2  and 
N2, wh i l e  a c o b a l t  p o l y c h e l a t e  gave N H 3  a lmost  comple te ly .  The 
c a t a l y s t s  were t h e  most  s p e c i f i c  found; o t h e r s  producing  N 2 ,  H2 
and NH3 were a l s o  t e s t e d .  
A German p a t e n t  (Ref. 4 )  a s s igned  t o  Engelhard  I n d u s t r i e s ,  
Inc . ,  d i s c l o s e d  hydraz ine  decomposi t ion c a t a l y s t s .  No numer ica l  
data a r e  given,  bu t  t h e  fo l lowing  g e n e r a l  comments a r e  noted :  
0.5% Rhodium on alumina gave h igh  gas  e v o l u t i o n  w i t h  very  
l i t t l e  NH3 ( a s  determined by o d o r ) .  
0.5% I r i d i u m  on alumina y i e l d e d  a lower gas  r a t e  and a l s o  
v e r y  l i t t l e  NH3 odor. 
0 .58 P t  on alumina gave a l o w  g a s s i n g  r a t e  and low NH3 odor.  
5.0% Rhodium on alumina y i e l d e d  ve ry  l i t t l e  gas e v o l u t i o n .  
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b .  High-Temperature N 2 H 4  Decomposition 
Thermal decomposi t ion ( n o n c a t a l y t i c )  was s t u d i e d  by H. W. 
Lucien (Ref. 5 )  a t  175-250"C and 300-430 p s i g .  The f o l l o w i n g  
t r e n d s  were no ted :  
Trace amounts of  N H 3  ( ~ 2 % )  i n h i b i t e d  N 2 H 4  decomposi t ion ;  
over  2% gave no f u r t h e r  change. 
Decomposition r a t e  dec reased  w i t h  i n c r e a s i n g  p r e s s u r e .  
A c t i v a t i o n  energy  was 72.7 kcal /mole.  
Higher p r e s s u r e s  i n c r e a s e d  p e r  c e n t  H 2  a t  e q u i l i b r i u m ;  how- 
e v e r ,  the  pe rcen tage  was very  small a t  a l l  p r e s s u r e s .  A t  300 pS ig  
t h e  N2/H2  r a t i o  was 15, wh i l e  a t  430 p s i g  the  N 2 / H 2  r a t i o  was 4.5. 
The bes t  v a l u e  co r re sponds  t o  only  4% decomposi t ion  by the  H 2  p l u s  
N 2  r o u t e .  
Higher t empera tu res  g i v e  h i g h e r  p e r  c e n t  H 2  a t  e q u i l i b r i u m .  
A t  222°C the  Na/H r a t i o  was 12, w h i l e  a t  250°C t h e  r a t i o  was 5 
(bo th  a t  400 p s i g ? .  
A l l  a t t e m p t s  t o  decompose N 2 H 4  a t  l e s s  t h a n  10 p s i g  i n  t he  
conf ined  system r e s u l t e d  i n  e x p l o s i o n s .  
Heterogeneous thermal decomposi t ion  on a s i l i c a  v e s s e l  w a s  
i n v e s t i g a t e d  by H a n r a t t y ,  e t  a1 ( R e f .  6 )  a t  300-700°C a t  n e a r l y  
a tmospher ic  p r e s s u r e  i n  a f low r e a c t o r .  
The r e a c t i o n  was found t o  be  a f i r s t - o r d e r  he te rogeneous  
decomposi t ion b e t w e e n  t empera tu re  l i m i t s  s t u d i e d .  A c t i v a t i o n  
energies  were 9-16 kcal /mole.  
i n c r e a s i n g  w i t h  t empera tu re .  
Only 6% H2 was found i n  gas e f f l u e n t ,  
c .  High-Temperature UDMH Decomposition 
C a t a l y t i c  decomposi t ion  of 1 , l - d i m e t h y l  hydraz ine  was t e s t e d  
on a number of  c a t a l y s t s  by Engelhard I n d u s t r i e s ,  I n c .  
T h i s  was done i n  t h e  vapor  s t a t e  d i l u t e d  w i t h  e i t h e r  H 2 ,  N 2 ,  or 
He c a r r i e r  gas a t  t e m p e r a t u r e s  r a n g i n g  from 100 t o  350°C. Data 
are  g iven  i n  terms of cH4- to-N~ r a t i o .  The lower t h i s  r a t i o ,  t h e  
more H 2  was produced. The bes t  c a t a l y s t s  f o r  H2 p r o d u c t i o n  were 
rhodium and i r i d i u m  on v a r i o u s  s u p p o r t s .  I n  general ,  higher  t e m -  
p e r a t u r e s  produced more H 2 .  The p o o r e s t  c a t a l y s t s  f o r  H 2  produc-  
t i o n  were pa l l ad ium a n d  ruthenium. 
was s t u d i e d  by H.  F.  Cordes ( R e f .  8 ) ,  a t  400°C. A f i r s t - o r d e r  
homogeneous r e a c t i o n  was found. 
C H 4 .  The H 2  q u i c k l y  formed a low s t e a d y  s ta te  c o n c e n t r a t i o n  and  
d i d  no t  vary  w i t h  r e s i d e n c e  t i m e .  A t  t he  h i g h e r  t e m p e r a t u r e s  
(Ref. 7 ) .  
Thermal  decomposi t ion of  UDMH i n  a f low r e a c t o r  ( n o n c a t a l y t i c )  
The p r imary  p r o d u c t  a t  250°C was 
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e t h a n e  and  propane were found,  i n d i c a t i n g  a c h a i n  r e a c t i o n  propa-  
g a t e d  th rough  C H 3 .  r a d i c a l s .  An a c t i v a t i o n  ene rgy  of 28 ,7  kca l /  
mole was found.  
d .  High-Temperature UDMH Steam Reforming 
T h i s  method of UDMH re forming  was t e s t e d  i n  a p r e l i m i n a r y  
manner under  t h e  p r e v i o u s  c o n t r a c t  (Ref. 1 ) .  A t  300"C, a f t e r  
p a s s i n g  th rough  f o u r  c a t a l y s t  beds c o n t a i n i n g  Pd, P t ,  R h  and  Ru, 
t h e  gas composi t ion was: 19% HE, 11% N 2 ,  11% C O ,  15% C H 4 ,  3% C 2 H s  
and 42% "3. 
T h i s  demons t r a t e s  t he  good p o t e n t i a l  o f  t he  s team-reforming 
approach  . 
3. Discuss ion  of  Theory and Reac t ions  
The r 'eforming of Aerozine-50 can  be  d i s c u s s e d  i n  two tempera- 
t u r e  ranges : 
(2  ) low t empera tu re  re forming  ( 5 0 - 2 0 0 " ~  ) .  
(1 ) h igh  t empera tu re  r e fo rming  (above 200°C ); and 
These two c a t e g o r i e s  c a n  f u r t h e r  be  broken down w i t h  r e fe r -  
ence  to t h e  two components o f  Aerozine-50, namely, N2H4 and  UDMH. 
UDMH can  f u r t h e r  be  d i s c u s s e d  w i t h  r e s p e c t  t o  decomposi t ion and  
steam reforming .  
Expe r imen ta l ly ,  i t  i s  s imple r  t o  e v a l u a t e  e a c h  component 
s e p a r a t e l y  b e f o r e  i n v e s t i g a t i n g  t h e  more invo lved  m i x t u r e s .  It 
i s  b e l i e v e d  tha t  d a t a  so  ob ta ined  can  be  i n t e g r a t e d  t o  r e a s o n a b l y  
p r e d i c t  t h e  behav io r  of Aerozine-50. 
a .  Low-Temperature N 2 H 4  Decomposition 
There  are  two p o s s i b l e  r e a c t i o n  p a t h s  for N 2 H 4  decomposi t ion 
i n  g e n e r a l .  Boih o f  these are i n t e g r a t e d  into t h e  f o l l o w i n g  
e q u a t i o n :  
(3 + x ) N ~ H ~ -  4 "3 + (1 + x ) N ~  + 2~ H 2  (1 ) 
where x = number of moles of N2H4 conve r t ed  t o  N 2  + H 2  p e r  3 moles 
N 2 H 4  conve r t ed  t o  "3. 
Exper imen ta l ly ,  the  N H 3  i s  abso rbed  i n  H2S04. The H2/N2  
The p e r  c e n t  N 2 H 4  r e a c t i n g  t u  g i v e  
Thus,  a very  h igh  v a l u e  o f  x i n d i c a t e s  high 
r a t i o  i s  t h e n  de termined  by VPC and  x can be de termined  from the  
e q u a t i o n :  2x/l+x = H2/N2 .  
NE + H2 i s  lOOx/3+x. 
hydrogen p r o d u c t i o n ,  and  x can r ange  from 0 t o  co, 
The r e a c t i o n  p r o d u c t s  at low temperaLures are  de termined  
e n t i r e l y  by s p e c i f i c  c a t a l y s t  i n t e r a c t i o n s ,  some c a t a l y s t s  p ro -  
d u c i n g  mos t ly  N H 3  and  o t h e r s  8O-g@ H 2  p l u s  N E .  
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If t h e  N2H4 i n  Aerozine-50 were comple t e ly  decomposed t o  HE 
p l u s  N 2 ,  whi le  t h e  UDMH i s  n o t  a f f e c t e d ,  a hydrogen-r ich  gas 
would be  produced (67% H 2  - 33% N 2 ) .  
used  i n  a f u e l  c e l l ,  and  48% of the  a v a i l a b l e  i n p u t  hydrogen 
would be recovered  f o r  u s e .  T h i s  would be  a ve ry  s imple  system, 
s i n c e  no h e a t  would be  needed. Ra the r ,  c o o l i n g  might  be neces-  
s a r y  s i n c e  A H a t  25°C f o r  1 mole of N 2 H 4  p roducing  2H2 p l u s  N 2  i s  
-22.75 k c a l .  T h i s  sys tem would undoubtedly  be  the  most e f f i c i e n t  
from a n  o v e r a l l  energy  s t a n d p o i n t  s i n c e  no ene rgy  would b e  needed 
f o r  h e a t i n g .  T h i s  method h a s  h igh  p o s s i b i l i t y  of s u c c e s s f u l  OP- 
e r a t i o n .  Table  1 shows t h e  r e l a t i v e  meri ts  of a number o f  p o s s i b l e  
h igh-  and low-temperature  systems w i t h  Aerozine-50.  
It could  be  immediately 
b .  High-Temperature N 2 H 4  Decomposition 
D i f f i c u l t i e s  might be encoun te red  a t  higher  t empera tu res  
owing t o  greater N H 3  fo rma t ion  w i t h  t he rma l ,  n o n c a t a l y t i c  N 2 H 4  
decomposi t ion.  T h i s  w i l l  have t o  b e  de te rmined  from exper imenta-  
t i o n .  One method t o  overcome t h i s  problem might  be t o  u s e  two 
r e a c t o r  zones ,  one a t  low t empera tu res  f o r  N 2 H 4  decomposi t ion ,  
and  a n o t h e r  a t  h i g h e r  t empera tu res  f o r  UDMH r e fo rming .  
e .  UDMH Decomposition 
It i s  u n l i k e l y  t hz t  a n y t h i n g  b u t  C H 4  and N 2  w i l l  be produced 
from UDMH decomposi t ion a t  low t e m p e r a t u r e s  a l t h o u g h  r e f e r e n c e  7 
s u g g e s t s  some s p e c i f i c  c a t a l y s t s  t h a t  might  produce some H 2 .  How- 
e v e r ,  d a t a  on r e l a t i v e  bond s t r e n g t h s  show t h e  f o l l o w i n g .  
Bond 
H-NzH3 
H-NH2 
H-CH3 
H-CzHS 
H-NHCHg 
N-N ( f o r  UDMH) 
C-N ( f o r  UDMH) 
S t r e n g t h  
kca l /mol i  
93 (newest  v a l u e )  
103 
104 
98.3 
91 
60 
80 
R e  f e r  ence  
9 
9 
9 
9 
9 
1 and  10  
1 and  11 
8 *  
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It can be  seen t h a t  t h e  N-N bond i s  t h e  weakes t ,  and  t h a t  t h e  
second weakest i s  the  C-N bond. It t h u s  seems p r o b a b l e  t h a t  t h e  
c a t a l y s t  w i l l  a l i g n  molecules  i n  s u c h  a way a s  t o  produce pr imar-  
i l y  CH4 and NP f o r  he te rogeneous  r e a c t i o n s .  For  the rma l  c r a c k i n g ,  
amines and  CH4 seem v e r y  l i k e l y ,  w i t h  propane and  e t h a n e  formed 
a t  higher  t empera tu res ,  where CH3- r a d i c a l s  are  more s tab le  (Ref .8 ) .  
Thus the  m a i n  hope i n  UDMH decomposi t ion l i e s  w i t h  s p e c i f i c  
c a t a l y s t s  that  may produce carbon d e p o s i t i o n  (mentioned i n  Ref. 7 ) .  
Medium tempera tu res ,  200-4OO0C, should  be  b e s t  f o r  H2 produc t ion .  
d .  UDMH Steam Reforminq 
There a r e  f i v e  r e a c t i o n s  t h a t  must be c o n s i d e r e d  i n  steam 
re fo rming  UDMH: 
(CH3)2NNH2 + 4H2O 4 2C02 + N2 + 8H2 
(CH3)2NNH2 + 4H2O- 2C02 + 2"s + 5H2 
(CH3)2NNH2 + 2H2O+ 2CO + N2 + 6 ~ 2  
(CH3)2NNH2 + 2H20- 2CO + 2NH3 + 3H2 
(CH3)2NNH2 - 2CH4 + N2 
(2 ) 
(3 ) 
(4 ) 
(5) 
(6) 
AF f o r  these r e a c t i o n s  = AFf p r o d u c t s  - AFf r e a c t a n t s .  
t u r e s  where t h e s e  r e a c t i o n s  w i l l  p roceed ,  t h e  r e l a t i o n s h i p  between 
these r e a c t i o n s  can be seen by d e f i n i n g  AFf of  UDMH as a c o n s t a n t  
C a t  e a c h  tempera ture .  T h i s  g i v e s  a v a l u e  of  AF + C f o r  t h e  r e a c -  
t i o n s  as shown i n  Table  2. 
While t h e  v a l u e  o f  AFT o f  UDMH i s  n o t  known a t  t h e  tempera- 
I n  a l l  r e a c t i o n s ,  t h e  complete  removal o f  UDMH a t  e q u i l i b r i u m  
w i l l  be  f avored  s i n c e  C w i l l  be much more p o s i t i v e  t h a n  the  sum 
of t h e  o t h e r  AFf terms. 
and N2 a t  t h e  lower t e m p e r a t u r e s ,  a n d  t h i s  e f f e c t  would d e c r e a s e  
w i t h  tempera ture  i n c r e a s e .  However, even  a t  527"C, CH4 fo rma t ion  
w i l l  be  a s i g n i f i c a n t  f a c t o r  a t  e q u i l i b r i u m .  
Equ i l ib r ium c o n d i t i o n s  would produce large amounts of  CH4 
NH3 format ion  i s  s i g n i f i c a n t  a t  227°C w i t h  r e s p e c t  t o  reform- 
i n g .  However, a t  t he  h i g h e r  t empera tu res  ve ry  l i t t l e  NH3 shou ld  
be p r e s e n t .  
A t  527"C, CO + C02 fo rma t ion  are b o t h  s i g n i f i c a n t .  A t  lower 
t empera tu res  C02 i s  f a v o r e d  and a t  h i g h e r  t e m p e r a t u r e s  
C O  i s  f a v o r e d .  
(>700"C) 
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Table 2 
Reac t ion  
FREE ENERGY RELATIONSHIPS (AF + C )  OF 
POSSIBLE REFORMING REACTIONS 
(AF’ + C )  i n  kcal/mole 
Numb e r 227Oc 327°C 427°C 527°C 
2 20.64 15.72 io .  66 5.48 
3 22.86 23.28 23.68 24.06 
4 30.44 23.70 16.90 io .  08 
5 32.66 31.26 29.92 28.66 
6 -15.70 -10.98 - 6.10 - 1.06 
* A t  90°C AFf of UDMH = 56.2 kcal/mole and i s  i n c r e a s i n g  i n  a 
p o s i t i v e  d i r e c t i o n .  
Thus, t o  produce s i g n i f i c a n t  H 2  i n  t h e  t empera tu re  range 
20O-40O0C, a n o n e q u i l i b r i u m  s i t u a t i o n  must e x i s t .  This  i s  made 
p o s s i b l e  by u s i n g  c a t a l y s t s  khat  have s low r a t e s  f o r  t h e  r e a c t i o n  
which i s  no rma l ly  s low a t  l o w  tempera tures ,  a l l owing  commercial 
r e fo rming  u n i t s  t o  s h i f t  CO t o  C02. 
To reach  a h igh  H 2  conve r s ion  under e q u i l i b r i u m  c o n d i t i o n s ,  
i t  w..uld be n e c e s s a r y  t o  ope ra t e  around 700°C t o  lower t h e  CH4 
c o n t e n t  of t h e  gas.  A t  t h i s  tempera ture  main ly  CO r a t h e r  t h a n  
CO2 would be p r e s e n t .  
Carbon d e p o s i t i o n  cannot  occur  a t  e q u i l i b r i u m  wi th  t h e  H20/C 
r a t i o  be ing  cons idered;  however, i n  n o n e q u i l i b r i u m  s i t u a t i o n s  
t h i s  might be s i g n i f i c a n t .  
e .  Approach 
Table  1 l i s t s  t h e  t y p e s  of r e a c t i o n s  f o r  Aerozine-50 t h a t  
we c o n s i d e r  most promis ing .  Each of  t h e  seven  systems has  f a v o r -  
a b l e  a s p e c t s  conce rn ing  one or more of t h e  fo l lowing :  H2 p e r  
100 g i n p u t  Aerozine 50, H2 p e r  100 g t o t a l  i n p u t ,  H2$ i n  gas 
11 
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composi t ion ,  H2 e f f i c i e n c y ,  d i r e c t  u s e  of o u t p u t  gas, energy  
e f f i c i e n c y ,  and development s i m p l i c i t y .  
We must determine f i r s t  which sys tem can be approached e x -  
p e r i m e n t a l l y ,  and  t h e n  choose t h e  b e s t  o v e r a l l  sys tem.  
To do t h i s  we w i l l  s t u d y  f i r s t  the decomposi t ion of N 2 H 4  and 
UDMH s e p a r a t e l y  t o  f i n d  c a t a l y s t s  and  c o n d i t i o n s  t h a t  w i l l  be 
s a t i s f a c t o r y  f o r  each .  I f  e i t h e r  component cannot  be u t i l i z e d  
i n  a p a r t i c u l a r  sys tem,  t h a t  system w i l l  be e l i m i n a t e d .  
When a system i s  found i n  which b o t h  components o f  Aeroz ine-  
50 perform s a t i s f a c t o r i l y ,  w e  can t h e n  i n t e g r a t e  i n t o  a complete  
sys tem w i t h  more d e t a i l e d  knowledge t h a n  i f  Aerozine-50 had been 
t e s t e d  as a mix tu re .  
B. RESULTS AND DISCUSSION 
1. Equipment and System 
a .  Low-Tempera t u r e  T e s t i n g  
F i g u r e  3 shows a schemat ic  diagram of  t h e  e x p e r i m e n t a l  s e t u p  
used  f o r  most o f  the  t e s t s .  F i g u r e  4 i s  a photograph  of t he  s y s -  
t e m .  
hea te r  c o n t r o l l e d  by Thermistemp t empera tu re  r e g u l a t o r  (A 0.1 "C ) .  
The r e a c t o r  f l a s k  was a 50-ml round-bottomed f l a s k ,  w i t h  a mag- 
n e t i c  s t i r r i n g  b a r  e n c l o s e d .  An a d d i t i o n  f u n n e l  was used  t o  add  
t h e  f u e l  i n s t a n t l y  or i n  s m a l l  i nc remen t s .  From t h e  f l a sk  a gas 
e x i t  l i n e  vented  t o  a manometer used  t o  check f o r  p r e s s u r e  l e a k s ,  
a n d  to a s u l f u r l c  a c i d  s c r u b b e r  f o r  N H 3  removal.  From the  s c r u b b e r  
t h e  gas passed  th rough  a gas sample c a l i b r a t i o n  t u b e  a n d  t h e n  i n t o  
a w e t  t e s t  meter  f o r  volume measurements.  
A t h e r m o s t a t t e d  ya t e r  b a t h  was h e a t e d  by a copper  c o i l  
The t e s t s  were conducted by add ing  a known weight and volume 
o f  c a t a l y s t  t o  t h e  r e a c t i o n  f l a s k .  The a d d i t i o n  f u n n e l  was f i l l e d  
w i t h  t he  f u e l  to be t e s t e d ,  and the sys t em was purged w i t h  N 2  t o  
remove any a i r .  The f u e l  was added dropwise t o  i n s u r e  safe de -  
composi t ion r a t e s .  When i t  was obvious  t h a t  no e x p l o s i v e  decom- 
p o s i t i o n s  would o c c u r ,  t he  remainder  of  t h e  f u e l  was added and  t h e  
gas e v o l u t i o n  ra te  measurements were s t a r t e d .  The gas sample was 
ana lyzed  by VPC. 
b .  High-Temperature T e s t i n g  
F igu re  5 shows s c h e m a t i c a l l y  t h e  comple te  h igh - t empera tu re  
r e fo rming  system, and  F i g u r e  6 i s  a pho tograph  of t h e  sys t em.  A 
c a l i b r a t e d  o n e - l i t e r  g r a d u a t e  c o n t a i n s  t h e  w a t e r - f u e l  m i x t u r e ,  
f e e d i n g  i n t o  Milton Roy "mini-pump" (maximum p r e s s u r e  200 p s i g )  , 
th rough a 5-micron S.S .  f i l t e r .  Immediately f o l l o w i n g  t h e  Pump 
o u t l e t  i s  a p r e s s u r e  gauge and r u p t u r e  d i s c  assembly  t h a t  W i l l  
release a t  200 p s i g .  The p r e s s u r e  gauge p e r m i t s  t he  u s e  of t h e  
pump c a l i b r a t i o n  w i t h  p r e s s u r e  f o r  a c c u r a t e  pumping ra tes .  
12 
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Following t h e  r u p t u r e  d i s c  i s  a v a l v e  sys tem t o  purge  and  c lean  
t h e  pump, A va lved  gas i n p u t  l i n e  i s  used  (argon or h e l i u m )  t o  
purge  the system of a i r  b e f o r e  t e s t i n g  a n d  t o  purge t h e  l i q u i d  
and gases r e m a i n i n g  a f t e r  t h e  t e s t  p e r i o d .  The r e a c t o r  system, 
c o n s i s t i n g  of a 1 - i n .  304 S . S .  p ipe  w i t h  3 / 4 - i n .  I . D .  i s  h e a t e d  
by a 3400-watt e l e c t r i c  oven, w i th  i n d i v i d u a l  on-off s w i t c h e s  on 
f o u r  h e a t i n g  e l emen t s .  Thermocouples are  a t t a c h e d  t o  t h e  r e a c t i o n  
t u b e  and connec t  t o  a West tempera ture  c o n t r o l l e r  and a Brown t e m -  
p e r a t u r e  r e c o r d e r .  The o u t p u t  o f  t h e  r e a c t o r  goes through a water 
condenser  t o  a manos ta t  c o n s i s t i n g  o f  a p r e s s u r e  gauge and a p r e s -  
s u r e  s w i t c h  t h a t  a c t i v a t e s  a n  on-off s o l e n o i d  v a l v e ,  m a i n t a i n i n g  
p r e s s u r e  w i t h i n  5 p s i g .  Fol lowing t h e  s o l e n o i d  v a l v e  i s  t h e  
l i q u i d - g a s  s e p a r a t o r  f l a s k ,  cooled  i n  a n  i c e  b a t h  t o  lower the  
vapor p r e s s u r e  of the  e x i t  l i q u i d s .  The f l a s k  i s  p a r t i a l l y  f i l l e d  
w i t h  5 N  H2S04 (100 m l )  t o  t r a p  the u n r e a c t e d  Aerozine-50 a l o n g  
w i t h  NH3, w h i l e  p a s s i n g  C02. The gases t h e n  en te r  a n  H2S04 
s c r u b b e r  t o  remove any t r a c e  of "3, f low th rough  a n o t h e r  con- 
d e n s e r  t o  a KOH t r a p  to remove C02,  and t h e n  f low t o  the  wet t es t  
meter. I n  between t h e  H2S04 sc rubbe r  and  t h e  KOH s c r u b b e r  i s  a 
va lve  t o  a l l o w  the gas t o  p a s s  th rough  t h e  sample loop  of a vapor 
phase chromatograph for a n a l y s i s ,  and t h e n  back t o  t h e  KOH s c r u b b e r .  
T h i s  p e r m i t s  gas a n a l y s i s  a t  a n y  t i m e  d u r i n g  the  t e s t .  A f t e r  t he  
wet t e s t  meter, t h e  ou t  g a s  i s  vented  t o  a hood. 
The r e a c t o r  t u b e  i s  22 i n .  l o n g  and i s  packed w i t h  10 i n .  of 
p o r c e l a i n  c h i  s f o r  p r e h e a t i n g ,  t hen  s i x  inches  of c a t a l y s t  bed 
( 4 3  m l  volume 7 , a n d  t h e n  4 more i n c h e s  of p o r c e l a i n  c h i p s .  
The pump h a s  been c a l i b r a t e d  w i t h  water a t  d i f f e r e n t  s t r o k e  
s e t t i n g s ,  and sys tem p r e s s u r e s  as shown i n  F i g u r e s  7 and 8. 
We have n o t  y e t  s u c c e s s f u l l y  a n a l y z e d  the  l i q u i d  p roduc t  
t r a p  for d e t e r m i n a t i o n  of UDMH, N 2 H 4 ,  and N H 3  t o g e t h e r .  However, 
w e  e x p e c t  t o  s o l v e  t h i s  problem soon. 
The VPC i s  now ready  t o  be c a l i b r a t e d  on t h e  gases expec ted  
i n  t h e  r e fo rmer  o u t p u t .  
2 .  Exper imenta l  R e s u l t s  
a .  Low-Temperature System 
Table  3 shows t h e  expe r imen ta l  data o b t a i n e d  w i t h  t h e  low- 
t e m p e r a t u r e  decomposi t ion  s t u d i e s .  
(1) UDMH Decomposition 
Thus f a r ,  no c a t a l y s t s  have been found t h a t  g i v e  a n  e f f e c t i v e  
low- tempera ture  decomposi t ion  of  UDMK i n  the  l i q u i d  s t a t e .  I n  a l l  
t e s t s  t h e  decomposi t ion  s topped  a f t e r  a s low r e a c t i o n  for 20 t o  
30 minu tes .  T h i s  may i n d i c a t e  t h a t  o n l y  a n  impur i ty*  i n  t h e  UDMH 
i s  r eac t ing .  
* The UDMH used  i s  l a b e l e d  as  98-99% pure .  
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( 2 )  N 2 H 4  Decomposition 
The b e s t  c a t a l y s t  found f o r  N 2 H 4 ,  b o t h  from a s t a n d p o i n t  of  
H2 p r o d u c t i o n  and h i g h  e v o l u t i o n  r a t e ,  i s  a Raney n i cke l -wa te r  
s l u r r y  (see Table 3 )  t h a t  has been promoted by a d d i t i o n  of  0.3 g 
of  H 2 P t C l s .  However, t h i s  c a t a l y s t  does  n o t  l e n d  i t s e l f  to higher  
t empera tu re  r e a c t o r  sys tems.  
The n e x t  b e s t  c a t a l y s t  i s  a rhodium b l a c k  c a t a l y s t ,  which 
e x h i b i t e d  a s i g n i f i c a n t l y  h i g h  decomposi t ion r a t e ,  b u t  produced 
o n l y  58% convers ion  t o  H 2 ,  t h e  rest  r e a c t i n g  t o  form "3. 
Other  forms of rhodium c a t a l y s t s  such  as 5% rhodium on carbon 
powder and  0.5% rhodium on a lumina  t a b l e t s  were t e s t e d  a t  lower 
t empera tu res .  A l l  forms of  rhodium c a t a l y s t s  t e s t ed ,  i f  e x t r a p o -  
l a t ed  and  compared on weight-of-rhodium b a s i s ,  y i e l d  e q u a l  as 
e v o l u t i o n  r a t e s .  
from t h e  N 2 H 4  i n p u t .  
A l l  rhodium c a t a l y s t s  a l s o  produced 43-46? N H 3  
A reduced  c o b a l t  c a t a l y s t ,  G i r d l e r  T-323, caused a n  e x p l o s i v e  
decomposi t ion  t h a t  might  have been due to adso rbed  oxygen. A 
f a i r l y  h igh  decomposi t ion r a t e  was found w i t h  a p r o p r i e t a r y  MRC 
c a t a l y s t .  However, b o t h  of these  c a t a l y s t s  when l a t e r  tes ted  on 
50 /50  m i x t u r e s  produced most ly  N H 3  a n d  v e r y  l i t t l e  H 2 .  
* 
( 3 )  5 O / 5 O  Mixtures  
I n  g e n e r a l ,  t h e  decomposi t ion ra tes  w i t h  5 O / 5 O  mix tu res  of 
t h e  hydraz ines  showed a lower g a s  e v o l u t i o n  r a t e  than w i t h  p u r e  
N 2 H 4 ,  and  a l s o  produced a l a rge r  amount of N H 3  (see Table  3 ) .  T h i s  
f i n d i n g  a g r e e s  wi t . h  t h e  t h e o r y  of N 2 H 4  decomposi t ion  c i t e d  by r e f -  
e r e n c e  1 2 ,  which p r e d i c t s  N H 3  and  amines i n  g e n e r a l  t o  have a n  
i n h i b i t o r y  e f f e c t  on N 2 H 4  decomposi t ion .  However, i n  most c a s e s  
t h e  ra te  d rops  on ly  by a f a c t o r  of two. The r e a c t i o n  i s  s t i l l  
t empera tu re  dependent by t h e  same amount as found by Audr i e th ,  e t  
a1 ( R e f .  2), f o r  N 2 H 4  w i t h  Raney n i c k e l  c a t a l y s t s .  F i g u r e  9 shows 
a p l o t  of  r e a c t i o n  r a t e  as a f u n c t i o n  of t he  r e c i p r o c a l  of the  
a b s o l u t e  tempera ture  f o r  Engelhard  5% rhodixm on carbon powder. 
The a c t i v a t i o n  ene rgy ,  18 kcal /mole,  a g r e e s  w i t h  t h a t  g iven  i n  
reference 2 .  T h i s  i n d i c a t e s  t h a t  r e a c t i o n  i s  n o t  d i f f u s i o n  con- 
t r o l l e d  s i n c e  changes i n  d i f f u s i o n  ra tes  do n o t  e x h i b i t  t h i s  t y p e  
of t empera tu re  dependence. 
b. Cone l u s i o n s  
(1) 
d u c t i o n  a t  low t empera tu res  ( 3 0 - 8 0 " ~ )  i n  t he  l i q u i d  s t a t e .  Only 
the  N 2 H 4  p o r t i o n  decomposes, y i e l d i n g  60-gc$ of t he  a v a i l a b l e  HZ 
from t h e  N 2 H 4 ,  depending on the c a t a l y s t .  The r a t e s  are s u f f i c i -  
e n t l y  h igh  f o r  p r a c t i c a l  c o n s i d e r a t i o n  i n  t h i s  a p p l i c a t i o n .  
F i f t y - f i f t y  mix tu res  of N 2 H a  and UDMH may be used  f o r  H 2  p ro -  
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( 2 )  
bes t  decomposi t ion c a t a l y s t s  f o r  N 2 H 4 .  Reduced s t a b i l i z e d  n i c k e l  
showed some u t i l i t y .  
Among those  t e s t e d ,  Raney n i c k e l  and  rhodium metals a re  t h e  
( 3 )  
high  r a t e s .  This  agrees w i t h  data r e p o r t e d  i n  r e f e r e n c e  3. 
(4) A c t i v a t i o n  e n e r g i e s  f o r  N 2 H 4  decomposi t ion  were found t o  be 
18 kcal/mole f o r  a rhodium c a t a l y s t  w i t h  50/50 mixture  of  f u e l s .  
T h i s  agrees w i t h  r e f e r e n c e  2 and i s  expec ted  i n  a he terogeneous  
c a t a l y t i c  r e a c t i o n .  
Coba l t  metal c a t a l y s t s  produce NH3 a lmos t  e x c l u s i v e l y  a t  v e r y  
( 5 )  
a t  these  t empera tu res  and  w i t h  the  c a t a l y s t s  t e s t e d ,  
UDMH e x h i b i t s  v e r y  l i t t l e  tendency t o  undergo decomposi t ion 
c .  High Temperature Reforming T e s t s  
Table  4 shows gas e v o l u t i o n  ra tes  a t  2OO-5OO"C f o r  b l a n k  t e s t s  
w i t h  p o r c e l a i n  c h i p s ,  and  f o r  t e s t s  w i t h  G i r d l e r  G - 5 6 ~  commercial 
n i c k e l  base re forming  c a t a l y s t .  
Assuming t h a t  gas e v o l u t i o n  w i t h  the  b l ank  t e s t s  was due t o  
nonheterogeneous thermal  decomposi t ion of  t h e  UDMH, a s i g n i f i c a n t  
amount of  thermal decomposi t ion was found a t  500°C. Carbon depo- 
s i t i o n  was n o t i c e d  on t h e  p o r c e l a i n  c h i p s  i n  t he  area used  t o  
c o n t r o l  t he  c a t a l y s t  bed t empera tu re .  
Table  5 lists the  p e r t i n e n t  d a t a  found a t  500°C u s i n g  the  
n i c k e l - b a s e  re forming  c a t a l y s t .  
I n  a d d i t i o n  t o  t h e  data i n  Table  5, we know t h a t  some carbon 
d e p o s i t i o n  and N H 3  fo rma t ion  occur  i f  hydrogen and  N 2  b a l a n c e s  
are  made on t h e  o u t p u t  gas w i t h  r e s p e c t  t o  the moles of  C ,  C 0 2 ,  
C O ,  and C H 4  p r e s e n t  i n  o u t p u t  g a s .  The amounts of each  canno t  be  
de te rmined  as y e t ,  because  we l a c k  a r e l i a b l e  method. However, 
w e  expec t  t o  be able to a n a l y z e  a t  l eas t  UDMH by a K I O 3  o x i d a t i o n  
method, wi thout  i n t e r f e r e n c e  from the  r e a c t i o n  p r o d u c t s  ( R e f .  4). 
d .  Conclusions 
The reformer sys tem i s  per forming  as e x p e c t e d ,  w i t h  regard 
t o  equipment and t e c h n i q u e s .  The r e s u l t s  on t h e  ~ - 5 6 - ~  c a t a l y s t  
f a l l  i n  between systems 5 and  6 of  T a b l e  1; t h i s  i s  r e a s o n a b l y  
c l o s e  t o  e x p e c t a t i o n s .  
It seems t h a t  t h e  UDMH steam re fo rming  t o  H2 w i l l  be a feas- 
i b l e  o p e r a t i o n ,  b u t  i t  needs much e x p e r i m e n t a l  work w i t h  c a t a l y s t s ,  
f l o w  r a t e s ,  t empera tu res ,  and  sys tem p r e s s u r e  f o r  optimum r e s u l t s .  
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Table 4 
GAS PRODUCTION RATES ON BLANK PORCELAIN PREHEATER CHIPS 
AND WITH NICKEL BASE FEFORMING CATALYST 
(P res su re  25 p s i g )  
Gas 
Evolu t ion*  UDMH H20 
Temperature ,  L i t e r s / h r  I n p u t  I n p u t ,  
C a t a l y s t  O C  a t  25Oc mole/hG mole/hr 
G-56B 
G-56B 
G-56B 
293-297 0.252 0.106 0.863 
395-398 3.22 0.103 0.839 
498-500 7.23 0.106 0.863 
P o r c e l a i n  Chips 190-197 0 0.104 0.847 
P o r c e l a i n  Chips 293-296 0.038 0.107 0.868 
0.674 0.102 0.831 P o r c e l a i n  Chips 393-396 
P o r c e l a i n  Chips 492-494 4.46 0.104 0.847 
Maximum gas volume/hr f o r  UDMH decomposi t ion w i t h  0.105 mole/hr 
UDMH i n p u t  = 12.9 l i t e r s / h r .  
Maximum gas volume for complete  r e fo rming  t o  C O 2  w i t h  0.105 mole/ 
hr UDMH i n p u t  = 23.2 l i t e r s / h r .  
C a t a l y s t  bed ,  6 i n .  l o n g  (43 m l  volume) w i t h  10 - in .  p o r c e l a i n  c h i p s  
p r e h e a t e r ,  and  4 i n .  p o r c e l a i n  c h i p s  a f t e r  c a t a l y s t .  - 
"Doesn ' t  i n c l u d e  NH3 or C02 produced. 
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Table 5 
UDMH REFORMING DATA FOR GIRDLER ~ - 5 6 - ~  CATALYST, 
NICKEL-BASE 1 / 8 - i n .  TABLETS 
Input UDMH - 0.106 mole/hr, o r  6.36 g/hr 
Input H20 - 0.863 mole/hr, o r  15.20 g/hr 
T o t a l  input  weight - 21.56 g/hr 
Gas Analysis (mole-%>: H 2 ,  52.0; N 2 ,  13.5; C O ,  0.6;  C H 4 ,  21.0; 
T o t a l  gas o u t p u t  ( m i n u s  a n y  N H 3  formed) = 8.30 l i t e r s / h r  a t  25OC 
Average molecular weight of gas output = 1 4 . 1  
C02, 12.9; C 2 H 6 ,  0.03. 
or 0.337 mole/hr 
Output a s  gas = 4.75 g 
$ Reforming to C02 = 20.5% 
% Reforming to C O  = 0.95% 
Moles H 2  per  100 g UDMH input  = 2.75 
Moles H 2  per  100 g t o t a l  input  = 0.81 
x 100 = 37.4% moles H 2  o u t p u t  
moles H 2  pe r  UDMH input  
Hydrogen e f f i c i e n c y  = 
Note: Complete ma te r i a l  balance cannot be c a l c u l a t e d  s ince  no  
UDMH, N H 3  o r  water was determined i n  the  product stream. 
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C .  FUTURE WORK 
1. Next Q u a r t e r  
During t h e  nex t  q u a r t e r  w e  w i l l  c o n c e n t r a t e  on t h e  medium- 
to high- tempera ture  decompcsi t ion and  steam re fo rming  of UDMH. 
UDMH i s  t h e  more d i f f i c u l t  component t o  decompose to H 2 .  When 
t h e  problem i s  s o l v e d  t h e  g r e a t e r  p a r t  of t h e  r e fo rming  o f  Aero- 
z ine -50  w i l l  be s o l v e d .  
Some c o n t i n u a t i o n  o f  low-temperature  N 2 H 4  decomposi t ion w i l l  
be t e s t e d  to p i n  down comple te ly  t h e  optimum c o n d i t i o n s  and c a t a -  
l y s t s  for a workable sys tem u s i n g  Aerozine-50 as t h e  f u e l  e x c l u -  
s i v e l y  . 
2.  Next Month's Work 
During t h e  nex t  one t o  two weeks we  w i l l  c a l i b r a t e  the VPC 
w i t h  t he  expec ted  r e fo rmer  g a s  components ove r  t h e  expec ted  com- 
p o s i t i o n  r anges .  When t h i s  i s  f i n i s h e d ,  t h e  a n a l y s i s  of re former  
tes ts  w i l l  be  r o u t i n e  and r a p i d .  
We w i l l  t hen  s t a r t  re forming  t e s t s  a c c o r d i n g  t o  t he  program 
shown i n  Table 6. 
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C a t a l y s t  
G-47 i r o n  oxide 
G i r d l e r  c a t a l y s t  
u sed  for NH3 
d i s s o c i a t i o n  
G-56 n i c k e l  base 
G i r d l e r ,  u sed  for 
steam reforming and 
N H 3  decomposi t ion 
c a t a l y s t  
G-43 p la t inum on 
G i r d l e r  c a t a l y s t ,  
u sed  for oxide  o f  
N 2  r e d u c t i o n  
alumina 
ICI-35-4 
G i r d l e r  c a t a l y s t  
u s e d  for NH3 
d i s s o c i a t i o n  
Table  6 
CATALYST TESTING VARIABLES 
U DMH 
I n p u t ,  
a / h r  
6 . 3  
6 . 3  
6 . 3  
6 .3  
6 . 3  
6 . 3  
H 2 0  
I n p u t ,  
d h r  
15.2 
15.2 
15.2 
15.2 
15.2 
15.2 
Temperature ,  P r e s s u r e ,  
O C  p s i g  
350,500,650 50 
350,500,650 150 
350,500,650 50 
350,500,650 150 
350,500,650 50 
350,500,650 150 
6 . 3  15.2 350,500,650 50 
6 . 3  15.2 350,500,650 150 
Other  exper imenta l  c a t a l y s t s  a r e  t o  be  
t h e s e  c a t a l y s t s  a r e  g i v e n  i n  Table  7 .  
t e s t e d  a l s o .  The d a t a  on 
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Table 7 
1. 
2 .  
3. 
4 .  
5. 
6. 
7 .  
8 .  
9. 
EXPERIMENTAL CATALYSTS TO BE TESTED FOR 
UDMH STEAM REFORMING 
T-312 Nickel-copper  ox ides  on oxide  G i r d l e r  c a t a l y s t  
base  
T-313 Low n icke l - coppe r  ox ide  on G i r d l e r  c a t a l y s t  
oxide base  
T-315 Low copper  ox ide  on oxide  base  G i r d l e r  c a t a l y s t  
T-317 High copper  oxide on oxide  base  G i r d l e r  c a t a l y s t  
T-366 Copper metal ' s t a b i l i z e d  G i r d l e r  c a t a l y s t  
T-310 Nicke l  ox ide  c a t a l y s t  on oxide  G i r d l e r  c a t a l y s t  
base 
T-1144 Nicke l  ox ide  G i r d l e r  c a t a l y s t  
Pyro lyzed  a c r y l o n i t r i l e  (Monsanto Company ) w i t h  noble  metals 
Molecular  s i e v e  w i t h  noble  metal (Union Carb ide  Company) 
~~ 
For d e t a i l s  see Appendix 11. 
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111. TASK I1 DECOMPOSITION OF N204 
A. BACKGROUND 
The o b j e c t i v e  of t h i s  t a s k  i s  t o  decompose n i t r o g e n  t e t r o x i d e  
t o  N2 and O2 by the rma l  and c a t a l y t i c  means t o  p rov ide  an oxygen- 
r i c h  s t r e a m  f o r  a f u e l  c e l l .  
i n  s e v e r a l  s t e p s ,  depending on t h e  c o n d i t i o n s  used. 
e r a l l y  accep ted  t ha t  t h e  decomposi t ion  occur s  as shown below. 
The decomposi t ion of N204 o c c u r s  
It i s  gen- 
N204 d 2 N 0 2  ( 8  ) 
AH= +13.9 Kcal/g-mole 
complete  above 140°C 
(9) 2N02 j 2N0 + 02 
AH= +l3.5 Kcal/g-mole 
c o i ~ p l e t e  above 600"c 
2N0 _j N2 + 02 
&=-21.5 Kcal/g-mole 
c a t a l y t i c  
Reac t ions  (8)  and (9) a r e  homogeneous and the rma l  i n  n a t u r e  
and a r e  r e v e r s i b l e  ( R e f .  13). It i s  e v i d e n t  t h a t  any oxygen 
l i b e r a t e d  by r e a c t i o n  (9)  m u s t  be used or o t h e r w i s e  removed from 
t h e  r e a c t i o n  s i t e  b e f o r e  t h e  t empera tu re  i s  reduced.  The oxygen 
l i b e r a t e d  by r e a c t i o n  (10) i s  n o t  recombined when the  t empera tu re  
i s  reduced.  
If a gas s t r e a m  of N 2 O 4  i s  f e d  t o  a r e a c t o r  o p e r a t e d  a t  
300-600°c, c o n t a i n i n g  a c a t a l y s t  f o r  r e a c t i o n  (10) (decomposi t ion  
of N O )  t h e  product  s t r e a m  on c o o l i n g  would be expec ted  t o  c o n t a i n  
N2, 02, NO, and N204 o r  NO2 i n  v a r y i n g  r a t i o s ,  depending on t h e  
deg ree  of  comple t ion  t o  which r e a c t i o n  (10) i s  c a r r i e d .  S e v e r a l  
i n v e s t i g a t o r s  have found t h a t  NO can be  decomposed on s u i t a b l e  
c a t a l y s t s  when i t  i s  c o n t a i n e d  i n  h i g h  d i l u t i o n  i n  a s t r e a m  of 
i n e r t  gas  o r  i n  a s t r e a m  c o n t a i n i n g  ca rbon  monoxide. 
and Ref. 15) .  It  i s  i n t e r e s t i n g  t o  n o t e  t h a t  i n  t h i s  work t h e r e  
a r e  i n d i c a t i o n s  t h a t  r e a c t i o n  p r o d u c t s ,  p a r t i c u l a r l y  oxygen, i n -  
t e r f e r e  w i t h  t h e  decomposi t ion  of n i t r i c  ox ide .  
S e v e r a l  s t u d i e s  (Ref.  16, 1 7 )  have been made a t  much h i g h e r  
t e m p e r a t u r e s  (800-1400°C) where n i t r i c  ox ide  ( N O )  h a s  been  decom- 
posed. It i s  no t  c l e a r  if t h e s e  r e s u l t s  were t h e r m a l  or c a t a l y -  
t i c  decomposi t ion.  
a p p a r e n t  t h a t  t h e r e  i s  some d isagreement  about  t h e  r e a c t i o n  pro-  
d u c t s  formed. 
(Ref.  1 4  
I n  rev iewing  t h i s  work i t  a l s o  becomes 
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The g r e a t e s t  d i f f e r e n c e  between t h e  work now b e i n g  done and 
t h a t  done by p rev ious  workers  i s  i n  t h e  c o n c e n t r a t i o n  o f  n i t r o g e n  
oxides  i n  t h e  r e a c t o r  s t ream. I n  t h e  e a r l i e r  work a maximum of 
2000 ppm NO2 or NO i n  t h e  gas  s t r eam was used. I n  t h e  work r e -  
p o r t e d  h e r e  pure  N204 i s  f e d  t o  t h e  r e a c t o r  w i t h  no i n e r t  gas  
d i l u t i o n .  
Our approach t o  f i n d i n g  the b e s t  c a t a l y s t s  and o p e r a t i n g  
c o n d i t i o n s  f o r  decomposing N204 t o  n i t r o g e n  and oxygen i s  based  
on s t u d i e s  u t i l i z i n g  t h e  r e a c t o r  shown s c h e m a t i c a l l y  i n  f i g u r e  
10 and photograph  11. This r e a c t o r  sys tem was des igned  t o  pe r -  
m i t  o p e r a t i o n  f rom 50-800°C, us ing  a wide range of f low r a t e s .  
The r e s i d e n c e  t ime and space v e l o c i t y  of t h e  r e a c t a n t s  can  a l s o  
be v a r i e d  e a s i l y .  The a n a l y s i s  of t h e  p roduc t  s t r eam i s  d e t e r -  
mined by c o o l i n g  t h e  gas  s t r eam f r o m  t h e  r e a c t o r  and p a s s i n g  i t  
th rough  a t ime d e l a y  tube  o f  adequate  r e s i d e n c e  t ime t o  a s s u r e  
t h a t  r e a c t i o n  (11) i s  complete t o  NO2. 
room t empera tu re  
The c a l c u l a t i o n  of t h e  tube  s i z e  w a s  based  on t h e  work of Treacy 
and Danie ls  (Ref. 18). T h i s  c a l c u l a t i o n  was checked u s i n g  high 
f low r a t e s  of N20* t h e r m a l l y  decomposing t o  NO + 02 a t  600°C and 
f e e d i n g  t h e  mix tu re  t o  t h e  de l ay  tube .  A c o l d  t r a p  f o l l o w i n g  
t h e  t u b e  c o l l e c t e d  t h e  N2O4 formed. No gas  was d e t e c t e d  down- 
s t r eam f rom t h e  t r a p ,  i n d i c a t i n g  a l l  t h e  NO + O2 had recombined. 
The NO2 i n  the p roduc t  s t r eam w a s  condensed and f r o z e n  o u t  
i n  t h e  c o l d  t r a p  u s i n g  a Dry I ce /Tr i c l ene  mixture .  The remain ing  
p roduc t s ,  NO, N2, 02, were passed  t o  a wet t e s t  meter  f o r  t o t a l  
volume or t o  e i t h e r  a VPC o r  oxygen a n a l y z e r  f o r  composi t ion  
de t e r m i n a t i  on. 
The r e a c t o r  t empera tu re  was measured and c o n t r o l l e d  us ing  
i r o n - c o n s t a n t a n  thermocouples  w i t h  a West c o n t r o l l e r  and a 
Honeywell r e c o r d e r .  The f e e d  f low r a t e s  were de te rmined  us ing  
c a l i b r a t e d  f low me te r s  manufactured by Brooks Ins t rumen t s .  
B. RESULTS AND DISCUSSION 
S i x  c a t a l y s t s  have been e v a l u a t e d  f o r  decomposi t ion  of N204 
t o  Nz and 02. They a r e  l i s t e d  i n  Table  8 and a r e  d e s c r i b e d  i n  
d e t a i l  i n  Appendix 11. 
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Figure 11. N204 Reactor  Photograph 
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No. 
1 
2 
3 
4 
5 
6 
Table  8 
N204 CATALYSTS 
C a t a l y s t  Manufacturer  
G-43 G i r d l e r  
T-312 G i r d l e r  
T - 3 1 3  G i r d l e r  
T-317 G i r d l e r  
Hopca li t e  MSA 
11-077 Enge lha r d  
Temp. Range, "C 
100-500 
100-800 
100-800 
200-600 
200-400* 
200-800 
. i  
*Contains  Mn02 which decomposes n e a r  500°C 
The c a t a l y s t s  were packed i n  r e a c t o r  t u b e s ,  which a r e ,  22 i n .  
t o  26 i n .  l ong  by 3/4 i n .  I .D.S.S.  The t u b e s  were packed a t  t h e  
lower end u s i n g  6-8 i n .  o f  number 12 F p o r c e l a i n  beads,  which were 
s e p a r a t e d  from t h e  c a t a l y s t  by a f i n e  mesh s t a i n l e s s  s t e e l  s c r e e n .  
The c a t a l y s t  bed was 4 i n .  deep f o r  c a t a l y s t s  1 through 4 ,  and 
12  i n .  deep f o r  c a t a l y s t s  5 and 6 .  
The system was f l u s h e d  w i t h  d r y  n i t r o g e n ,  as  t h e  r e a c t o r  
was h e a t e d  to t e s t  t e m p e r a t u r e s .  The f l u s h  was con t inued  f o r  
one hour  a f t e r  each t e s t  t empera tu re  was r eached .  The N204 f low 
r a t e s  a r e  g iven  i n  t e s t  d a t a  summary (Tab le  9). 
g a s e s  were passed through t h e  co ld  t r a p  and t h e n  t o  a wet t e s t  
meter  to measure N 2  and 02 evolved .  
The exhaus t  
The c a t a l y s t s  t e s t e d  d i d  n o t  decompose t h e  N204, as  e v i d -  
enced by t h e  f a c t  t ha t  no gas  was evolved  ( T a b l e  9). 
no ted  t h a t  two flow r a t e s  f o r  N204 were used  i n  t h e  v a r i o u s  t e s t s ,  
and t h a t  4 i n .  and 12 i n .  c a t a l y s t  beds were used .  
I t  w i l l  be  
S ince  t h e  expec ted  decomposi t ion t o  N2 and O2 d i d  n o t  occur ,  
i t  was f e l t  t h a t  t e s t s  should  be made u s i n g  n i t r i c  ox ide  f e e d  
i n s t e a d  o f  n i t r o g e n  t e t r o x i d e  t o  d e f i n e  t he  a p p a r e n t  l a c k  of 
a c t i v i t y  o f  t h e  c a t a l y s t s  to promote r e a c t i o n  ( 1 0 ) .  D u p l i c a t e  
t e s t s  were t h e r e f o r e  run  to determine  t h e  a c t i v i t y  of t h e  v a r i o u s  
c a t a l y s t s  f o r  NO decomposi t ion .  The n a t u r e  of t h e s e  t e s t s  i s  
on ly  q u a l i t a t i v e  a t  t h e  p r e s e n t  t ime s i n c e  a c c u r a t e  , a n a l y s i s  Of  
t h e  product  gases  has  not  been made. T h i s  a n a l y s i s  w i l l  be 
made on a newly i n s t a l l e d  gas  chromatograph.  
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C a t a l y s t s  2 th rough  6 were t e s t e d  u s i n g  NO f e e d  a t  tempera- 
t u r e s  similar t o  t h o s e  used f o r  N204 t e s t s .  The f i v e  c a t a l y s t s  
t e s t e d  a l l  showed some degree  of a c t i v i t y  f o r  NO decomposi t ion,  
as n o t e d  by the  appearence of t h e  brown gas  NO2 and t h e  c o l l e c -  
t i o n  of N204 i n  t h e  Dry I c e  c o l d  t r a p  and Some b l u e  s o l i d s  
assumed t o  be N203. 
Two methods o f  s e p a r a t i n g  t h e  NO from t h e  p roduc t  gas  s t r e a m  
were t r i e d ,  n e i t h e r  of which w a s  q u a n t i t a t i v e .  The NO was absorbed  
i n  a f e r r o u s  s u l f a t e  t r a p  and t h e  NO was condensed i n  a l i q u i d  
a i r  t r a p .  The f e r r o u s  s u l f a t e  t r a p  was t o o  l i m i t e d  i n  i t s  a b i l -  
i t y  t o  abso rb  NO i n  ex tended  runs .  The l i q u i d  a i r  t r a p  caused  
volume f l u c t u a t i o n s  a t  t h e  wet t e s t  me te r  as t h e  l i q u i d  a i r  
evapora t ed  or w a s  r e p l e n i s h e d .  (See d a t a  i n  Table  10). 
The appearance o f  c r y s t a l l i z e d  N 2 O 4  i n  t h e  Dry I c e  t r a p  
d u r i n g  runs  u s i n g  NO f e e d  i n d i c a t e d  some c a t a l y t i c  a c t i v i t y  f o r  
decomposing NO. The complete  l a c k  of a c t i v i t y  of  t h e s e  c a t a l y s t s  
f o r  N204 decomposi t ion under  similar c o n d i t i o n s  i n d i c a t e d  some 
p o i s o n i n g  of t h e  c a t a l y s t  by oxygen o r  d e a c t i v a t i o n  due t o  t h e  
p r e s e n c e  of NO2. The c a l c u l a t e d  r e s i d e n c e  t imes  of 10-30 seconds 
a r e  more t h a n  adequate  f o r  t h e  r e a c t i o n .  The space  v e l o c i t i e s  
f o r  t h e  r e a c t o r  range from 45-100, which a r e  much lower t h a n  t h e  
v a l u e s  g i v e n  by o t h e r  i n v e s t i g a t o r s  f o r  t h e  NO decomposi t ion 
(Ref. 15) .  
One o t h e r  major  d i f f e r e n c e  between o u r  t e s t  c o n d i t i o n s  and 
t h o s e  used by  o t h e r  i n v e s t i g a t o r s  i s  t h e  c o n c e n t r a t i o n  of n i t r o -  
gen ox ides  i n  t h e  gas  s t ream.  A s  can  be seen  from t h e  r e f e r e n c e s  
quoted ,  t h e  s u c c e s s f u l  c a t a l y t i c  decompDsition of NO has been  
c a r r i e d  o u t  i n  c o n c e n t r a t i o n  of 2000 ppm o r  l e s s .  It i s  n o t  
immedia te ly  appa ren t  why h i g h e r  c o n c e n t r a t i o n s  of  NO do n o t  g i v e  
h i g h  decomposi t ion r a t e s .  
C. FUTURE PLANS 
The c a t a l y s t  e v a l u a t i o n s  w i l l  c o n t i n u e  t o  i n c l u d e  t h o s e  
l i s t e d  i n  Appendix I1 and any a d d i t i o n a l  ones t ha t  appea r  t o  
have a c t i v i t y  f o r  decomposi t ion  of n i t r o g e n  t e t r o x i d e .  A f u r -  
t h e r  e f f o r t  w i l l  be  made t o  de t e rmine  t h e  r e l a t i o n s h i p  between 
n i t r i c  ox ide  decomposi t ion and n i t r o g e n  t e t r o x i d e  decomposi t ion 
by c a t a l y t i c  means. 
To d e f i n e  t h e  e x t e n t  of n i t r i c  ox ide  decomposi t ion  a c t i v i t y  
o f  t h e  c a t a l y s t s  and t h e  f a c t o r s  a f f e c t i n g  t h e  r e a c t i o n ,  two 
a d d i t i o n a l  f e e d  m a t e r i a l s  w i l l  be t r i e d .  The f i r s t  w i l l  be 
n i t r i c  ox ide  w i t h  oxygen added i n  v a r i o u s  m u l t i p l e s  or f r a c t i o n s  
of s t o i c h o m e t r i c  amount c o n t a i n e d  i n  N204. By t h i s  method we 
e x p e c t  t o  d e f i n e  t h e  c a t a l y s t  p o i s o n i n g  e f f e c t  o f  oxygen i n  t h e  
s t r eam.  The second a d d i t i v e  t o  t h e  f e e d  w i l l  be w a t e r  vapor  i n  
v a r i o u s  amounts. Water vapor  i s  known t o  a f f e c t  g r e a t l y  many 
c a t a l y t i c  r e a c t i o n s  even when p r e s e n t  i n  o n l y  s m a l l  q u a n t i t i e s .  
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A new gas chromatograph has been i n s t a l l e d  and i s  b e i n g  c a l -  
i b r a t e d  t o  de te rmine  oxygen, n i t r o g e n  and n i t r i c  ox ide  concen t r a -  
t i o n s .  The product  s t r e a m  w i l l  be ana lyzed  w i t h  t h i s  i n s t r u m e n t  
and m a t e r i a l  ba l ances  c a l c u l a t e d .  
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Iv. 
A. 
TASK 111. ELECTRODE DEVELOPMENT FOR D I m C T  REACTANT USE 
SUBTASK 3.1 CATHODE OPTIMIZATION STUDIES 
1. Background 
Work on t h e  p rev ious  c o n t r a c t  (Ref. 1) had produced ca thodes  
o p e r a t i n g  on gaseous N204 w i t h  h i g h  a c t i v i t y  and n e a r  r e v e r s i b l e  
p o t e n t i a l s  i n  c o n t a i n e d  a c i d  e l e c t r o l y t e - d i s s o l v e d  N2H4 f u e l  
c e l l s .  However, coulombic e f f i c i e n c i e s  were low w i t h  a s i n g l e  
p a s s  of r e a c t a n t  gas  (7.7%) and t h e  e l e c t r o d e s  tended  t o  " l e a k "  
r e a c t a n t s  i n t o  t h e  con ta ined  e l e c t r o l y t e ,  c a u s i n g  a g r a d u a l  de- 
g r a d a t i o n  of anode performance. This w a s  p a r t i c u l a r l y  t r u e  i f  
t h e  anodes c o n t a i n e d  carbon.  We a r e  s u r e  t ha t  e l e c t r o d e  des ign  
s t u d i e s  w i l l  improve t h e  coulombic e f f i c i e n c i e s  and t h i s  work 
i s  d i s c u s s e d  i n  a l a t e r  s e c t i o n .  The problem of  p r e v e n t i n g  r e -  
a c t a n t  leakage  i n t o  t h e  e l e c t r o l y t e  can  o n l y  be so lved  by con- 
t r o l l i n g  t h e  d i f f u s i o n  of N204 t h rough  t h e  e l e c t r o d e s .  The 
problem a s s o c i a t e d  w i t h  t h i s  procedure  i s  t o  ma in ta in  t h e  good 
a c t i v i t y  and p o t e n t i a l  c h a r a c t e r i s t i c s  of t h e  e l e c t r o d e  a t  t h e  
same t ime.  
2. F a c t o r s  A f f e c t i n g  E lec t rode  Performance 
An exper iment  w a s  designed t o  de te rmine  t h e  impor t an t  f a c -  
t o r s  i n f l u e n c i n g  e l e c t r o d e  performance. The d e t a i l s  and r e s u l t s  
of t h i s  exper iment  a r e  g iven  i n  Tables  11, 12, and 13. The 
d e s i g n  used was a 1/16 r e p l i c a t i o n  of  a s t a n d a r d  7 f a c t o r  s t a t i s -  
t i c a l  des ign  (Ref. 19). This type  of des ign  i s  e x c e l l e n t  f o r  
f a s t  i n i t i a l  s c r e e n i n g  of many f a c t o r s  w i t h  t h e  o b j e c t  of d e t e r -  
mining t h e  impor t an t  ones f o r  f u r t h e r  s tudy .  The a c t u a l  t e s t s  
were run  i n  t h e  h a l f - c e l l  se tup  shown i n  F igu re  12. 
Ana lys i s  o f  t h e  data (Table 13) i n d i c a t e s  two f a c t o r s  a r e  
s i g n i f i c a n t  among t h o s e  t e s t e d :  t h e  p e r  c e n t  carbon i n  t h e  carbon-  
Te f lon  m a t r i x  and t h e  mesh s i z e  of t h e  s u p p o r t i n g  sc reen .  The 
e f f e c t  of carbon i s  n o t  s u r p r i s i n g :  h i g h e r  carbon c o n t e n t s  shou ld  
i n c r e a s e  t h e  a c t i v e  c a t a l y t i c  a rea .  I n  f o l l o w i n g  up t h i s  l e a d ,  
t h e  maximum amount of carbon which can be used w i l l  be d i c t a t e d  
by t h e  s t r e n g t h  of t h e  e l e c t r o d e .  The use o f  f l u f f e d  carbon 
f i l a m e n t ,  which d i d  n o t  reduce  performance,  w i l l  undoubtedly 
c o n t r i b u t e  t o  e l e c t r o d e  s t r e n g t h .  The e f f e c t  of  s c r e e n  mesh 
s i z e  i s  somewhat unexpected,  however, i t  has  been n o t i c e d  q u a l i -  
t a t i v e l y  t ha t  t h e  carbon-Tef lon  m a t r i x  impregnates  t h e  l a r g e r  
h o l e s  i n  s m a l l e r  mesh s i z e  s c r e e n i n g  b e t t e r  and t h i s  may promote 
b e t  t e r e l e c t r i c  a1 c ont  ac t . 
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F a c t  o r  
A 
B 
C 
D 
E 
F 
G 
T e s t  
No. 
1 
2 
3 
4 
5 
6 
7 
8 
Table  11 
EXPERIMENTAL DESIGN FOR N 2 0 4  CATHODE OPTIMIZATION 
(1/16 R e p l i c a t i o n  of 7 F a c t o r  Des ign)  
D e s c r i p t i o n  High Level  
E l e c t r o d e  c u r e  tempera ture  325OC 
Elec t rode  c u r e  t i m e  5 hours  
$ Carbon i n  carbon-Teflon 
mixture  6 6  
Elec t rode  t h i c k n e  s s 
Plat inum c a t a l y s t  
double+ 
14.5 
Mesh s i z e  of  SS s c r e e n  60 
5 carbon f i l a m e n t  i n  carbon 20 
E l e c t r o d e  
37-67222 
53 -67225 
56 -6'7 229 
4 0-67223 
4 2 -67 225 
59 -67 23 0 
53 -67 2 28 
55-67 229 
* abou t  40 m i l s .  
LOW Level  
300"c 
1 hour 
4 M  
s i n g l e  
none 
30 
0 
Level  of  F a c t o r s  
r- D E F A 
low 
h i  
h i  
low 
h i  
low 
low 
h i  
- 
1 ow 
h i  
1 ow 
h i  
low 
h i  
low 
h i  
b- 
low 
1 ow 
h i 
h i  
low 
low 
h i  
h i  
- 
1 ow 
low 
1 ow 
low 
h i  
h i  
h i  
h i  
- 
1 ow 
h i  
h i  
1 ow 
low 
h i  
h i  
1 ow 
1 ow 
h i  
low 
h i. 
h i  
low 
h i  
low 
G 
1 ow 
1 ow 
hi 
h i  
h i  
h i  
low 
low 
- 
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T a b l e  12 
RESULTS OF TESTS: N204 CATHODE OPTIMIZATION, 
EXPERIMENTAL DESIGN 
T e s t  C o n d i t i o n s  
I t  B e a k e r "  H a l f  - C e l l  t e s t  e q u i p m e n t  (see F i g u r e  6 ) .  
E l e c t r o l y t e  : 5M H3P04 
N 2 0 4  P r e s s u r e :  5.4 i n  H 2 0  
N 2 0 4  Ra te :  400 ml/min STP 
T e s t  
E l e c t r o d e  
1 
E l e c t r o d e  P o t e n t i a l  v s  SHE,volts 
60"c R e s u l t s  
rn-2 rn-2 
0.51 0.24 0.76 0.44 
100 50 100 
2 0.47 0.24 0.52 0.24 
3 0.87 0.65 0.93 0.77 
4 0.82 0.64 0.85 0.65 
6 0.82 0.55 0.90 0.69 
7 0.82 0.53 0.88 0.66 
8 0.89 0.74 0.93 0.81 
5 0.24 0.24 0.24 0.24 
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F a c t  o r  
A 
B 
C 
E 
F 
G 
Table 13 
ANALYSIS OF DATA: N 2 0 4  CATHODE OPTIMIZATION 
D e s c r i p t i o n  
Cure t empera tu re  
Cure t i m e  
$ Carbon 
E l e c t r o d e  t h i c k n e s s  
P la t inum c a t a l y s t  
Screen  mesh s i z e  
4$ Carbon f i l a m e n t  i n  carbon 
Rela t ive  E f f e c t "  
60 "C 30 "c 
-0.04 -0.01 
0.03 0.06 
0.16 0.16 
0.04 0.04 
0.03 0.03 
-0.12 -0.12 
0.03 0.03 
* R e l a t i v e  e f f e c t  i n  v o l t s  p e r  u n i t  i n c r e a s e  i n  l e v e l  of 
parameter  on ca thode  p o t e n t i a l  a t  100 ma/cm2. 
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I n  
/ 
T e f l o n  
'I P i c  t u r  e 
F rame I' 
--ip 
Calomel  
/ 
-Beaker 
- E l e c t r o l y t e  
I 
S t a n d a r d  1/16 f t 2  Perfclr t l ted p l f t t inum 
(3 x 3 i n . )  
e l e  c t r c j d e  h o l d e r  
s n d  f rame 
dummy e- lec t rode  
F i g u r e  12. 3 x 3 in. H:t l f  Cell 
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The r e s u l t s  of t h e  t e s t s  on e l e c t r o d e  t h i c k n e s s  a r e  s i g n i f i -  
c a n t  i n  t ha t  t h e r e  i s  a s t r o n g  i n d i c a t i o n  of l a c k  o f  d i f f u s i o n  
c o n t r o l  i n  the range of  t h i c k n e s s  i n v e s t i g a t e d  he re .  It i s  
e v i d e n t  t ha t  t h e  e l e c t r o d e  i s  e s s e n t i a l l y  s a t u r a t e d  w i t h  an 
excess  of r e a c t a n t ,  and doub l ing  t h e  t h i c k n e s s  has n o t  reduced 
t h e  d i f f u s i o n  r a t e  s u f f i c i e n t l y  t o  a f f e c t  performance a t  100 ma/cm2. 
T h i s  r e s u l t  prompted an i n v e s t i g a t i o n  of t h e  d i f f u s i o n  c h a r a c t e r -  
i s t i c s  of t h e  e l e c t r o d e  ( r e p o r t e d  i n  a l a t e r  s e c t i o n ) .  
Much d i f f i c u l t y  was expe r i enced  w i t h  t h e  h a l f - c e l l  s e t u p  
used i n  t h i s  i n v e s t i g a t i o n ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  temper- 
a t u r e  g r a d i e n t s ,  excess ive  decomposi t ion  of  t h e  e l e c t r o l y t e  by 
t h e  dummy e l e c t r o d e  and t h e  h i g h  c u r r e n t s  r e q u i r e d  f rom t h e  
power supply.  For  t h e s e  reasons  i t  was dec ided  t o  conduct  f u t u r e  
t e s t s  w i t h  s t anda rd  hydrogen or oxygen c o u n t e r  e l e c t r o d e s  i n  
f u l l  c e l l s .  A s c r e e n i n g  program i n  a 5.0 cm2 g l a s s  h a l f  c e l l  was 
i n i t i a t e d  t o  t e s t  m o d i f i c a t i o n s  of MRD carbon/p la t inum e l e c t r o d e s  
f o r  t h i s  s e r v i c e  ( p r e s e n t e d  i n  Table  1 4 ) .  The ma jo r  problem w a s  
t o  p reven t  b reak - th rough  of t h e  gas ,  and v a r i o u s  d i f f u s i o n  bar- 
r i e r s  were t e s t e d .  The b e s t  cho ice  f o r  bo th  H2  and 02 e l e c t r o d e s  
w a s  a s t anda rd  MRD earbon/p la t inum e l e c t r o d e  w i t h  t h e  carbon ( g a s )  
s i d e  sp rayed  w i t h  a Te f lon  emulsion.  
des ign  (E lec t rode  55-67229 ) and a Tef lon-sprayed  anode o p e r a t i n g  
on HE gas  were c o n s t r u c t e d  us ing  t h e  3 i n .  x 3 i n .  e l e c t r o d e  
h o l d e r s  developed under  t h e  p rev ious  c o n t r a c t  (Ref. 1). The 
Te f lon  gaske t - space r  w a s  s l o t t e d  f o r  e l e c t r o l y t e  passage .  A 
pumped e l e c t r o l y t e  c e l l  t e s t  s t a n d  was c o n s t r u c t e d ,  as shown i n  
F igu re  13. Using t h i s  equipmen% t h e  ca thode  w a s  c h a r a c t e r i z e d  
and t h e  r e s u l t s  a r e  g iven  i n  Table  15 and F igure  14 .  I n  Table  
15 t h e  e f f e c t s  of t empera tu re  and N 2 O 4  f l ow r a t e  are summarized. 
The e l e c t r o d e  i s  h i g h l y  a c t i v e  a t  room tempera tu re  and performance 
i s  n o t  s u b s t a n t i a l l y  improved a t  t h e  h i g h e r  t empera tu res .  It 
should  be no ted  that  t h e  lowes t  N 2 O 4  f l ow r a t e  r e p o r t e d  h e r e  
would r e p r e s e n t  8.5$ coulombic e f f i c i e n c y  a t  100 ma/cm2 f o r  a 
c e l l  of t h i s  s i z e  (3 x 3 i n . ) .  The improvement of t h e  coulombic 
e f f i c i e n c y  i s  a major  t a s k  on t h i s  p r o j e c t  and i s  covered  i n  a 
l a t t e r  s e c t i o n .  (Subtask  3.3 "Design of l/3 f t 2  E l e c t r o d e s " ) .  
A " f u l l  c e l l "  u s ing  t h e  b e s t  ca thode  f rom t h e  expe r imen ta l  
fl  
I n  F igure  5 t h e  f u l l  c e l l  d a t a  f o r  t h e  H 2 / N 2 O 4  c e l l  used t o  
t e s t  t h i s  ca thode  a r e  p l o t t e d  f o r  t h e  60°c run.  A comparison of 
t h e s e  d a t a  w i t h  t h e  t e s t s  on N2H4/N204 c e l l s  made under  t h e  p r e -  
v ious  c o n t r a c t  (Ref. 1) i n d i c a t e s  t h e  ca thode  t e s t e d  h e r e  p e r -  
forms somewhat b e t t e r  even a t  s u b s t a n t i a l l y  lower  N204 f low 
r a t e s .  The H 2  anode i n  t h i s  work t e n d s  t o  p o l a r i z e  more than  
t h e  N 2 H 4  f low- through anodes used i n  p r e v i o u s  work, b u t  i t  s ta r t s  
o u t  approximate ly  0.20 v b e t t e r .  The p o t e n t i a l  of t h e s e  two 
e l e c t r o d e s  a r e  n e a r l y  i d e n t i c a l  a t  100 ma/cm2. S i n c e  t h e  HE 
e l e c t r o d e  i s  used s imply  as a c o u n t e r  e l e c t r o d e ,  we f e e l  t h i s  
performance i s  adequate  f o r  t h i s  work. 
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3. D i f f u s i o n  of N 2 O 4  Through MRD-C Cathodes 
a .  Background 
A t  t h e  t empera tu res  of i n t e r e s t  i n  t h i s  work, t h e  N 2 O 4  o x i -  
dant  i s  a c t u a l l y  a mixture  of NO2 and N 2 O 4  gases .  Both compon- 
e n t s  a r e  s o l u b l e  i n  t h e  phosphoric  a c i d  e l e c t r o l y t e  acco rd ing  
t o  t h e  f o l l o w i n g  e q u a t i o n s  (Ref. 2 0 ) :  
2N02 + H20 = "02 + "03 (13) 
I n  work w i t h  we t t ed -wa l l  columns s e v e r a l  i n v e s t i g a t o r s  have 
found t h e  a b s o r p t i o n  r a t e  i n  water  o r  d i l u t e  n i t r i c  a c i d  t o  be 
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  of gaseous N204 a t  a 
f i x e d  t empera tu re  (Ref. 21, 22, 2 3 ) .  However, a t  c o n s t a n t  tem- 
p e r a t u r e  t h e  r a t i o  of N O 2  t o  N 2 O 4  i s  f i x e d  by t h e  e q u i l i b r i u m  
c o n s t a n t  f o r :  
which i s  i n  i n s t a n t a n e o u s  equ i l ib r ium.  Thus r e a c t i o n  ( 1 2 )  and 
(13) a r e  e q u i v a l e n t  and t h e  oxidant  w i l l  be cons ide red  t o  be 
N 2 O 4  a lone  i n  t h e  f o l l o w i n g  d i s c u s s i o n .  P e t e r s  and Holman 
(Ref.  20. ) showed t h a t  bo th  gas-phase and l i q u i d - p h a s e  r e a c t i o n s  
occur  i n  t h e  a b s o r p t i o n  of  gaseous N 2 O 4  by aqueous s o l u t i o n s  i n  
w e t t e d - w a l l  columns. The major p a r t  of t h e  r e a c t i o n s  occur  i n  
r e l a t i v e l y  t h i n  gas  and l i q u i d  f i l m s  a t  t h e  boundary between t h e  
two phases .  The gas-phase r e a c t i o n  was shown t o  be exothermic ,  
which i s  c o n s i s t e n t  w i t h  a p o s t u l a t e d  r e a c t i o n  w i t h  wa te r  vapor  
and N 2 O 4 .  
The a b s o r p t i o n  r a t e s  were s u b s t a n t i a l l y  h i g h e r  t han  p re -  
d i c t e d  by t h e  r a t e  e q u a t i o n  f o r  a comple t e ly  gas-phase  r e a c t i o n ,  
i n d i c a t i n g  a competing l i qu id -phase  r e a c t i o n  i n  which t h e  r eac -  
t i v e  i o n s  c a t a l y z e  t h e  abso rp t ion .  
The e f f e c t  of r e a c t i o n s  (12)  and (13) i n  o u r  work i s  c l e a r ;  
any N 2 O 4  t h a t  d i f f u s e s  through t h e  e l e c t r o d e  and i s  n o t  con- 
sumed e l e c t r o c h e m i c a l l y  can  d i s s o l v e  i n  t h e  e l e c t r o l y t e .  I n  a 
pumped e l e c t r o l y t e  c e l l ,  i n  which " f r e s h "  e l e c t r o l y t e  i s  c o n t i n -  
u a l l y  b rough t  t o  t h e  e l e c t r o d e  s u r f a c e ,  t h e  amount d i s s o l v e d  i n  
a g iven  t ime w i l l  be determined by t h e  d i f f u s i o n  r a t e  t h rough  
t h e  e l e c t r o d e  and t h e  c u r r e n t  drawn f r o m  t h e  c e l l .  The e f f e c t s  
a r e  a l o s s  of coulombic e f f i c i e n c y  a t  t h e  ca thode ,  and a g r a d u a l  
p o i s o n i n g  of t h e  anode as  t h e  HN03-HN02 c o n c e n t r a t i o n  b u i l d s  up 
i n  t h e  e l e c t r o l y t e .  
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The most d i r e c t  approach t o  t h i s  problem i s  t o  l i m i t  t h e  
d i f f u s i o n  of t h e  N 2 0 4  th rough t h e  e l e c t r o d e  t o  t h a t  amount r e -  
q u i r e d  f o r  t he  e l e c t r o c h e m i c a l  r e a c t i o n  a t  a g iven  c u r r e n t  den- 
s i t y .  It i s  obvious t h a t  o p e r a t i o n  of a c e l l  below t h e  s e t  
c u r r e n t  d e n s i t y  (and i n  t h e  l i m i t  on open c i r c u i t )  w i l l  l e a v e  
an  e x c e s s  of N 2 0 4  a v a i l a b l e  t o  d i s s o l v e  i n  t h e  e l e c t r o l y t e .  Thus, 
i n  mis s ions  where v a r i a b l e  power demand i s  l i k e l y  and h i g h  e l e c -  
t r o d e  e f f i c i e n c i e s  a r e  d e s i r e d ,  t h e  N 2 0 4  supp ly  m u s t  be c o n t r o l l e d  
by p r o p e r  i n s t r u m e n t a t i o n  mon i to r ing  t h e  c u r r e n t  l o a d  on t h e  
module. 
t r o l  over  t h e  N 2 O 4  d i f f u s i o n  th rough  t h e  e l e c t r o d e .  
I n  any c a s e ,  a pr imary  requi rement  i s  f o r  r e l i a b l e  con- 
The program developed t o  work on t h i s  problem i s :  
(1) Develop an a n a l y t i c a l  t echn ique  t o  measure t h e  amount 
of N2O4 d i f f u s i n g  through t h e  e l e c t r o d e  and d i s s o l v i n g  
i n  the e l e c t r o l y t e .  
( 2 )  Determine t h e  e l e c t r o d e  pa rame te r s  ( t h i c k n e s s ,  formula-  
t i o n ,  p r e s s i n g ,  e t c .  ) c o n t r o l l i n g  t h e  d i f f u s i o n  r a t e .  
(3)  Determine t h e  e f f e c t  of e x t e r n a l  pa rame te r s  ( N 2 0 4  p r e s -  
s u r e  and f low r a t e ,  t e m p e r a t u r e )  on t h e  d i f f u s i o n  r a t e .  
(4) Using the  above d a t a ,  d e s i g n  afi e l e c t r o d e  i n  which t h e  
d i f f u s i o n  r a t e  can be c o n t r o l l e d  t o  g i v e  minimum N 2 0 4  
t i m e ,  s u p p l y i n g  enough r e a c t a n t  t o  s u p p o r t  t h e  maximum 
d r a i n  expec ted  from t h e  e l e c t r o d e .  
' contaminat ion  of t h e  e l e c t r o l y t e  wh i l e ,  a t  t h e  same 
b. Experimental  Work 
The d i f f u s i o n  c e l l  shown i n  F i g u r e  15 w a s  c o n s t r u c t e d .  The 
e l e c t r o d e  i s  clamped between rubbe r  O-r ings  i n  t h e  g l a s s  c e l l ,  
N 7 O 4  gas  i s  s lowly purged on one s i d e  and a measured amount of 
2M H2SO4 e l e c t r o l y t e  i s  exposed t o  t h e  N 2 0 4  d i f f u s i n g  th rough  
t h e  e l e c t r o d e  on t h e  o t h e r  s i d e .  The amount of N 2 0 4  d i f f u s i n g  
th rough  and d i s s o l v i n g  i s  de te rmined  by a n a l y z i n g  t h e  e l e c t r o -  
l y t e  for n i t r i t e  i o n .  T h i s  w a s  done by i n c o r p o r a t i n g  a known 
amount of KMnO4 i n  t h e  2M -4 and t i t r a t i n g  t h e  e l e c t r o l y t e  
sample w i t h  s t a n d a r d  sodiuu1 o x a l a t e  s o l u t i o n  t o  de t e rmine  t h e  
amount of KMn04 consumed i n  o x i d i z i n g  t h e  n i t r i t e  i o n .  The r e -  
a c t i o n s  involved  a r e :  
N 2 0 4  + H2O = "02 + "03 ( d i f f u s i o n  and (15) 
(16)  
(17)  
s o l u t i o n  i n  t h e  
e l e c t  r o  l y  t e ) 
+ 2Mn++ + 3H20 
- 
"02 = Ht + NO2 
5 N 0 2  
- - + 2Mn04- + 6 H +  = 5 N 0 3  
( o x i d a t i o n  i n  t h e  e l e c t r o l y t e )  
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( b a c k  t i t r a t i o n  w i t h  o x a l a t e )  
The t i t r a t i o n  of  permanganate w i t h  o x a l a t e  i n  t h e  p re sence  
of  n i t r i c  a c i d  i s  a s t a n d a r d  method ( R e f .  2 4 ) .  However, i t  i s  a 
more compl ica ted  r e a c t i o n  i n  H3P04 s o l u t i o n s  because o f  p r e c i p i -  
t a t i o n  of t h e  i n s o l u b l e  Mn I1 phosphate .  I n i t i a l  work i n d i c a t e d  
t h a t  t h e  t i t r a t i o n  was r e p r o d u c i b l e  when s u f f i c i e n t  t ime was 
a l lowed f o r  p r e c i p i t a t i o n  and when s l i g h t l y  o x i d i z i n g  c o n d i t i o n s  
e x i s t e d  a t  t h e  end p o i n t  (to r e o x i d i z e  any MnIII fo rmed) .  How- 
e v e r ,  when a c t u a l  runs  were made i n  the d i f f u s i o n  c e l l  w i t h  
5M H3P04 e l e c t r o l y t e ,  an N 2 O 4  d i f f u s i o n  r a t e  which d e c l i n e d  w i t h  
t ime of exposure was found.  T h i s  e f f e c t  was a s s i g n e d  to t h e  
p r e c i p i t a t i o n  of  t h e  manganese phosphate  i n  t h e  po res  of t h e  
e l e c t r o d e s ,  reducing  t h e  v o i d  volume and lower ing  t h e  r a t e .  I n  
f a c t  t h e  e f f e c t  was marked enough to j u s t i f y  i n v e s t i g a t i n g  i t  as 
a method of d i f f u s i o n  c o n t r o l  i n  t h e s e  e l e c t r o d e s .  Work i n  t h i s  
a r e a  i s  scheduled .  Reproducible  and a c c u r a t e  measurement by 
t h i s  method, however, d i c t a t e d  t h e  use  o f  H2S04 r a t h e r  t han  
H3P04 a s  t he  e l e c t r o l y t e .  
The N204 d i f f u s i o n  r a t e  through t h e  b e s t  e l e c t r o d e  from t h e  
expe r imen ta l  des ign  ( p r e v i o u s  s e c t i o n ,  e l e c t r o d e  No. 55-67229) 
has been determined a t  t h r e e  d i f f e r e n t  exposure t imes  and two 
N204 p r e s s u r e s  a t  25OC. 
Three conc lus ions  can be drawn from t h i s  i n i t i a l  work: 
The r e s u l t s  a r e  t a b u l a t e d  i n  Table  16. 
The d i f f u s i o n  r a t e s  a r e  s u b s t a n t i a l l y  h i g h e r  t h a n  t h e  
s t o i c h i o m e t r i c  requi rement  a t  r e a s o n a b l e  c u r r e n t  den- 
s i t i e s  - ranging  f r o m  2 to 6 t imes  the  amount r e q u i r e d  
f o r  o p e r a t i o n  a t  100 ma/cm2. 
The r a t e  i s  h i g h e r  a t  h i g h e r  N204 p r e s s u r e s ,  q u a l i t a -  
t i v e l y  c o r r o b o r a t i n g  t h e  r e s u l t s  on we t t ed -wa l l  c o l -  
umns, d i s c u s s e d  p r e v i o u s l y .  
The average  e f f e c t  o f  exposure  t ime i s  f a i r l y  c o n s t a n t  
i n d i c a t i n g  t h a t  t h e  method i s  r e p r o d u c i b l e .  The 
i n d i v i d u a l  v a l u e s  f o r  t h e  0.5-min.  run  show s u b s t a n t i a l  
v a r i a t i o n ,  pro'bably due to nonat ta inment  o f  e q u i l i b r i u m  
c o n d i t i o n s  and/or  t h e  r e l a t i v e l y  h i g h e r  p e r c e n t a g e  
e r r o r  involved  i n  measurfng sma l l  q u a n t i t i e s .  F u t u r e  
runs w i l l  b e  made w i t h  t imes  of 1 minute  of g r e a t e r .  
Th i s  work has  c l e a r l y  shown t h a t  t h e  N204 ca thode  i s  n o t  
d i f f u s i o n - l i m i t e d ,  and a t  r easonab le  c u r r e n t  d e n s i t i e s  excess  
N204 w i l l  be  a v a i l a b l e  to d i s s o l v e  i n  t h e  e l e c t r o l y t e .  Fu tu re  
work w i l l  i nvo lve  de t e rmin ing  t h e  e f f e c t s  of e x t e r n a l  ( tempera-  
t u r e ,  p r e s s u r e ,  f l o w  r a t e s )  and e l e c t r o d e  ( t h i c k n e s s ,  f o r m u l a t i o n ,  
t r e a t m e n t s )  parameters  to a c q u i r e  c o n t r o l  of t h e  d i f f u s i o n  char -  
a c t e r i s t i c s .  
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T a b l e  16 
N 2 O 4  DIFFUSION RATE - ELECTRODE 55-67229 
E l e c t r o l y t e :  2M H 2 S 0 4  (0.2N i n  KMn04) 
T e m p e r a t u r e  : 25°C 
N 2 0 4  F low Rate t h r o u g h  C e l l :  1 . 6 - 2 . 0  g/min. 
D i f f u s i o n  Rates i n  
N 2 0 4  p N204/hr/cm2 
P r e s s u r e ,  Exposure  T imes ,  min .  
i n .  &O 0.5 1 . 0  2 . 0  
0 0.34 0.19 0.18 
5.4 0 . 2 8  0.46 0.55 
Mean V a l u e s :  
0 i n .  H20 pressure : 0 .24  g N204/hr/cm2 
5.4 i n .  H20 p r e s s u r e :  0.43 g N204/hr/cm2 
0.5 min e x p o s u r e  : 0.31 g N204/hr/cm2 
1 .0  min e x p o s u r e  : 0.33 g N204/hr/cm2 
2 . 0  min e x p o s u r e  : 0.36 g N204/hr/cm2 
S t o i c h i o m e t r i c  Requ i remen t  for 100 ma/cm2 : 
0.089 g N204/hr/cm2 
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B. SUBTASK 30 2 DEVELOP AEROZINE-50 ANODE 
1. Background 
I n  o u r  e a r l i e r  work ,@Ref.  l), f low th rough  MRD-A Pt anodes 
were shown t o  have h i g h  a c t i v i t y  on N 2 H 4  d i s s o l v e d  i n  5M H3P04 
e l e c t r o l y t e .  Coulombic e f f i c i e n c i e s  were reduced i n  t h i s  con- 
f i g u r a t i o n  by t h e  spontaneous decomposi t ion  o f  t h e  N 2 H 4  and the  
subsequent  loss of H2. The c u r r e n t  c o n t r a c t  r e q u i r e s  o p e r a t i o n  
on Aerozine-50, a 50-50 by weight  mixture  of N2H4 and unsymetr i -  
e a 1  d ime thy l  hydraz ine  (UDMH), w i t h  t h e  f u e l  n o t  d i s s o l v e d  i n  
the e l e c t r o l y t e  b u t  f e d  t o  t h e  c e l l  i n  a pure  form. 
(1) t o  p r e v e n t  
e x c e s s i v e  decomposi t ion of t h e  hydraz ine  by l i m i t i n g  i t s  c o n t a c t  
w i t h  t h e  e l e c t r o d e  ( d i f f u s i o n  b a r r i e r s ) ,  and ( 2 )  t o  e l e c t r o -  
o x i d i z e  t h e  d imethylhydraz ine  e f f i c i e n t l y .  
i s  one of  e l e c t r o d e  des ign ,  wh i l e  t h e  second problem i s  more 
fundamenta l .  The e l e c t r o c h e m i c a l  o x i d a t i o n  of unsymmetr ical  
d imethylhydraz ine  a t  r e a s o n a b l e  e f f i c i e n c y  and p o t e n t i a l s  i s  
c o n s i d e r e d  t h e  m o s t  d i f f i c u l t  problem i n  t h i s  t a s k .  I n i t i a l  work 
on a p reced ing  c o n t r a c t  i n d i c a t e d  t h e  methylhydraz ines  were r e l -  
a t i v e l y  poor  e l e c t r o c h e m i c a l  f u e l s  ( R e f .  25). King and Bard 
i n v e s t i g a t e d  the  e l e c t r o - o x i d a t i o n  of t h e  me thy lhydraz ines  on P t  
e l e c t r o d e s  i n  H2S04 s o l u t i o n s  (Ref. 2 6 ) .  They found t h e  oxida-  
t i o n  of UDMH was a complex r e a c t i o n .  Chronopo ten t iome t r i c  mea- 
surements  i n d i c a t e d  an i n i t i a l  2 - e l e c t r o n  r e a c t i o n  s t a r t i n g ,  
w i t h  t h e i r  e l e c t r o d e s  and c o n d i t i o n s ,  a t  about  +0.8v vs .  S.H.E., 
and which d i d  n o t  g e n e r a t e  N2 as a p roduc t .  F u r t h e r  i n v e s t i g a -  
t i o n  i n d i c a t e d  t h a t  d u r i n g  t h e  i n i t i a l  s t a g e  a p r o d u c t  i s  formed 
which i s  n o t  o x i d i z a b l e  b u t  which decomposes by a f i r s t - o r d e r  
r e a c t i o n  ( h a l f - l i f e  o f  25 min . )  t o  form N2 and a n o t h e r  p roduc t ,  
o x i d i z a b l e  by a f u r t h e r  2 - e l e c t r o n  p r o c e s s .  
t i a l  coulometry i n d i c a t e d  an o v e r a l l  e l e c t r o n  change t h a t  v a r i e d  
w i t h  c o n d i t i o n s  (n  v a l u e s  of 4.7 t o  5 . 9 ) .  Product  a n a l y s i s  
showed N2, CHsOH, HCHO, (CH3)2NH,  and a n  u n i d e n t i f i e d  s o l u b l e ,  
ye l low-colored  s p e c i e s .  
i n i t i a l  o x i d a t i o n  t o  1 , l - d i m e t h y l d i a z e n e :  
The ma jo r  problems i n  t h i s  work w i l l  be:  
The f i r s t  problem 
C o n t r o l l e d  poten-  
The mechanism proposed t o  account  f o r  t h e s e  f a c t s  i s  an 
( C H 3 ) 2 N - N H 3 + +  (CH3)2N+=NH + 2H+ + 2e- (19)  
A f t e r  t h i s  i n i t i a l  s t a g e  t h e r e  a r e  s e v e r a l  r e a c t i o n  p a t h s .  One 
would be a rearrangement  t o  t h e  hydrazone,  h y d r o l y s i s  of t h e  
hydrazone and subsequent  o x i d a t i o n  of t he  methylhydraz ine  formed: 
CH3NH-NHZ + H20 --f CH30H + N 2  + 4H' + 4e 
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This  p a t h  accoun t s  f o r  t h e  6e o v e r a l l  change and t h e  fo rma t ion  
of CH30H, HCHO, and Nz. 
An a l t e r n a t e  and cornpetin p a t h  which would account  f o r  
t h e  ye l low product  and f o r  ( C H 3  7 2NH would i n v o l v e  h y d r o l y s i s  o f  
t h e  d i azene ,  fo l lowed by o x i d a t i o n  to N-nitrosodimethylamine 
( y e l l o w ) .  
+ + 
(CH3)zN =NH + H20 -> (CH3)zN-NHOH + H ( 2 3 )  
( CH3)zN-NHOH -> ( C H 3 ) 2 N - N = O  + 2Hf + 2e  (24) 
(CHs)zN-N=O + H20 (CH3)zNH + "02 ( 2 5 )  
The approach w e  have t aken  has  been to s c r e e n  e l e c t r o d e  
c a t a l y s t s  w i t h  t h e  hope t h a t  one would be found t h a t :  
Promotes r e a c t i o n  (19)  a t  r easonab le  a c t i v i t y  and poten-  
t i a l s ;  
Promotes r e a c t i o n  (20) and/or ( 2 3 )  and subsequen t ly  ( 2 2 )  
and ( 2 4 )  s o  t h a t  g r e a t e r  coulombic c a p a c i t y  can be r e a l i z e d  
from t h e  UDMH p o r t i o n  o f  t he  f u e l ;  
A t  a minimum, promotes  t h e  e l e c t r o - o x i d a t i o n  of N2H4 i n  t he  
any of  i t s  many o x i d a t i o n  p r o d u c t s .  
p re sence  of UDMH w i t h o u t  be ing  11 poisoned ' '  by t h e  UDMH or 
2 .  R e s u l t s  and Di scuss ion  
A c a t a l y s t  e v a l u a t i o n  program was s t a r t e d  u s i n g  UDMH o r  
Aerozine-50 as t h e  f u e l s ,  H3P04 e l e c t r o l y t e ,  and MRD-A e l e c t r o d e s  
made w i t h  noble  me ta l  c a t a l y s t s .  The a c t i v i t i e s  of each e l e c t r o d e  
were de te rmined  i n  a g l a s s  h a l f  c e l l  w i t h  a P t  dumm-y e l e c t r o d e  
i n  t h e  e l e c t r o l y t e  and t h e  f u e l  u sed  i n  t h e  u n d i l u t e d  s t a t e  on 
t h e  r e v e r s e  s i d e  of t h e  e l e c t r o d e .  The r e s u l t s  of  t h i s  work 
a r e  summarized i n  Table  17. The e l e c t r o d e  c a t a l y s t s  were: 
E l e c t r o d e  No. D e s c r i p t i o n  
P t  on P t  s c r e e n  
90-10, P t  and Pd on Pt s c r e e n  
90-10, P t  and Ru on Pt s c r e e n  
P r o p r i e t a r y  Monsanto CHJOH 
e l e c t r o d e  
None of  t h e s e  e l e c t r o d e s  demonstra,ted h igh  a c t i v i t y  on UDMH 
a l o n e .  The e f f e c t  of t h e  hydraz ine  component I n  t h e  Aerozine-50 
i s  shown i n  t h e  t e s t s  on E l e c t r o d e  70453-4. Longer term t e s t s  
were r u n  on E l e c t r o d e  70453-4 w i t h  Aerozine-50 to determine  i f  
p r o g r e s s i v e  po i son ing  or loss of a c t i v i t y  occur red .  The r e s u l t s ,  
shown i n  Table  18, a r e  encouraging.  
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Table 18 
TWO HOUR TESTING OF ELECTRODE 70453-4 
Curren t  Densi ty:  100 ma/cmZ 
Fue l  : Aerozine-50 
Temperature,  O C  
30 
60 
90 
I R  F ree  P o t e n t i a l  vs SHE, v o l t s  
I n i t i a l  A f t e r  2 Hours  
f0.02 +O. 13 
+O. 05 0.0 
fO. 02 +o. 02 
S e v e r a l  expe r imen ta l  d i f f i c u l t i e s  were encoun te red  w i t h  t h i s  
t echn ique .  F i r s t ,  i t  w a s  q u a l i t a t i v e l y  observed  t h a t  d i f f u s i o n  
r a t e s  of t h e  f u e l  t h rough  t h e  e l e c t r o d e s  v a r i e d  g r e a t l y ,  r a i s i n g  
t h e  p o s s i b i l i t y  that  t h e  d i f f u s i o n  r a t e  r a t h e r  t h a n  t h e  c a t a l y s t  
was de t e rmin ing  e l e c t r o d e  performance. Second, gas-bubble  f o r -  
mat ion on t h e  e l e c t r o d e  s u r f a c e  masked o f f  a c t i v e  a r e a s  and 
caused  e r r a t i c  performance.  The s c r e e n i n g  c e l l  was r edes igned  
t o  use d i s s o l v e d  f u e l ,  w i t h  a s t r eam of f u e l - e l e c t r o l y t e  s o l u -  
t i o n  pumped a c r o s s  t h e  e l e c t r o d e  s u r f a c e  to sweep away gas  bubb les ,  
This had t h e  a d d i t i o n a l  e f f e c t  o f  r educ ing  c o n c e n t r a t i o n  p o l a r -  
i z a t i o n  i n  t h e  c e l l .  With these  m o d i f i c a t i o n s  t h e  t r u e  a c t i v i t y  
of t h e  c a t a l y s t s  cou ld  be determined.  A r e p r e s e n t a t i o n  of t h e  
c e l l  i s  shown i n  F igu re  16. A Kordesch-Marko b r i d g e  was used t o  
o b t a i n  I R - f r e e  p o t e n t i a l s .  
The e l e c t r o d e s  l i s t e d  i n  Table 19 were e v a l u a t e d  i n  t h i s  
c e l l  and t h e  r e s u l t s  a r e  g iven  i n  Table  20. None of t h e  c a t a l y s t s  
t e s t e d  showed h i g h  a c t i v i t y  on UDMH f u e l  a t  r easonab le  poten-  
t i a l s .  The b e s t  UDMK c a t a l y s t  was R h  b l a c k  (Engelhard  I n d u s t r i e s )  
which o p e r a t e d  a t  + 0 , 5 6 ~  to SHE a t  100 ma/cm2, 60°C, and formed 
a ye l low product .  T e s t s  w i t h  t h i s  e l e c t r o d e  on Aerozine-50 
f u e l  i n d i c a t e d . o n l y  t h e  N2H4 p o t e n t i a l  w i t h  no ye l low c o l o r  i n  
t h e  e l e c t r o l y t e ,  even a f t e r  1 h r  a t  100 ma/cm2. These r e s u l t s  
s u g g e s t  t h a t  UDMH i s  r e l a t i v e l y  i n a c t i v e  i n  t h e  p re sence  of NZH4 
and w i l l  a c t  as an i n e r t  d i l u e n t  a t  l e a s t  f o r  t imes  up t o  1 h r  
w i t h  t h e  c a t a l y s t s  t e s t e d .  The coulombic e f f i c i e n c y  p e r  Ib of 
f u e l  w i l l  be co r re spond ing ly  reduced; t h u s  f u r t h e r  e f f o r t  i n  
t h i s  a r e a  i s  wor thwhi le .  A t  a minimum, however, i t  appears  
t h a t  a c a t a l y s t  (Rh)  has been found which w i l l  u t i l i z e  t h e  N2H4 
p o r t i o n  of Aerozine-50 w i t h  good a c t i v i t y  w i t h o u t  i n t e r f e r e n c e  
f rom t h e  UDMH p o r t i o n ,  a t  l e a s t  on s h o r t - r a n g e  t e s t i n g .  
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E l e  c t ro ly t e /Fue  1 
Counter  
Flow Rate 
Regu la t ing  V a l v e  
E l e c t r o d e  
Jest E l e c t r o d e  
E l e c t r o l y t e  
Fue 1 
Feed Jet 
&Electrode Support  
l a r y  
C . E .  
F igure  16. Fuel Catalyst Screen ing  Cell 
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i .  
l -  1 -  
E l e c t r o d e  
Number 
7 0434 - 1 OA 
79-67240 
50-67226 
70459-60 
70457-8 
70485-6 
68729-3 
73233-2a 
73233-la  
71202-7 
71210-1 
7 53 58 
Table 19 
UDMH ELECTRODE DESCRIPTION 
D e s c r i p t i o n  
P t  on P t  s c r e e n  ( l a b  made P t )  
P t  on s . s . s c r e e n  (Enge lha rd  P t )  
MRC c h e l a t e  c a t a l y s t  on carbon s u b s t r a t e  
R h  on P t  s c r e e n  (Engelhard  R h )  
MRC q u a t e r n a r y  noble  metal  a l l o y  c a t a l y s t  
on P t  s c r e e n  
MRC t e r n a r y  noble  metal a l l o y  c a t a l y s t  
on P t  s c r e e n  
Pt-Ru (90-10) a l l o y  on P t  s c r e e n  
Raney N i  on carbon on s . s . s c r e e n  
Ni2B o n  P t  s c r e e n  
Co2B on P t  s c r e e n  
Mo powder (200 mesh)  on s . s . s c r e e n  
Mo powder (200 mesh) +4$ (Engelhard  P t )  
on s e s .screen 
Pt-Ru (70-30) a l l o y  on P t  s c r e e n  
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Table 20 
UDMH ELECTRODE TEST RESULTS 
E l e c t r o d e  
7 0434 - 1 OA 
70434-10A 
79-67240 
79-67240 
79-67240 
79-67240 
56838 
50-67226 
50-67226 
50-67226 
50-67226 
7 04 59 -60 
70459-60 
70459-60 
7 04 59 -60 
70459-60 
70457-8 
50-67226 
70485-6 
70453-4 
73233-2a 
73233-la 
71202-7 
71210-1 
7 53 58 
Fue 1 
N 2  H4 
UDMH 
N2H4 
UDMH 
A-50 
~ - 5 0 *  
UDMH 
N 2 H 4  
N2H4* 
UDMH 
A-50 
~ - 5 0 4 ~  
UDMH 
N 2  H 4  
N2H4*  
A-50 
~ - 5 0 *  
UDMH 
UDMH 
UDMH 
UDMH 
UDMH 
UDMH 
UDMH 
UDMH 
Temperature : 60"c 
E l e c t r o l y t e  : 5M HsP04 
F u e l  : 3 M  i n  a l l  cases 
E lec t rode  P o t e n t i a l  ( v o l t s )  v s  SHE 
a t  I n d i c a t e d  C u r r e n t  D e n s i t y  
0 50 100 150 200 
m a / c m 2  
0.26 
0.36 
0.10 
0.33 
0. og 
0.13 
0.03 
0.05 
0.37 
0.03 
0.05 
0.45 
0.15 
0.13 
0.16 
0.20 
0.52 
0.58 
0.52 
0.36 
0 .42  
m a l c m '  ma/cm2 
0.35 0.36 
0.76 0.78 
0.11 0.13 
0.55 0.66 
0.16 0.19 
0 .21  0.23 
No A c t i v i t y  
0.09 0.12 
0.10 0.14 
0.49 0.56 
0.09 0.13 
0.11 0.15 
0.51 0.56 
0.24 0.26 
0.24 0.26 
0.19 0.20 
0.27 0.29 
0.68 0.62 
0.63 0.71 
0.64 0.70 
No A c t i v i t y  
0.58 0.87 
No A c t i v i t y  
N O  A c t i v i t y  
0.60 0.70 
*After  one hour  a t  100 m a / c m 2 .  
60 
ma7cm2 
0.38 
- 
0 .14  
0.21 
0.71 
0.29 
0.14 
0.17 
0.60 
0.15 
0.18 
0.61 
0.30 
0.28 
0.21 
0.31 
- 
- 
- 
- 
- 
m a / c m 2  
0.40 
- 
0.14 
0.22 
- 
0.29 
0.16 
0.19 
0.16 
0.18 
0.31 
0.29 
0.32 
- 
0.64 
0.22 
- 
- 
- 
- 
- 
MONSANTO RESEARCH CORPORATION 0 
3. F u t u r e  Plans 
A f u r t h e r  e f f o r t  w i l l  be made t o  f i n d  a good UDMH c a t a l y s t  
t h i s  n e x t  q u a r t e r .  
p r e c i p i t a t e d  Mo, Re, and oxide  types  w i l l  be f a b r i c a t e d  i n t o  
e l e c t r o d e s  and w i l l  be t e s t e d .  Once the  c a t a l y s t  system has 
been e s t a b l i s h e d  and t h e  e l e c t r o d e  c h a r a c t e r i s t i c s  de te rmined ,  
1/3 f t 2  e l e c t r o d e s  w i l l  be designed,  f ab r i ca t ed ,  and t e s t e d .  
In  t.he n e x t  month f u r t h e r  n o b l e  m e t a l  alloys, 
C .  SUBTASK 3.3 DESIGN OF 1/3 FT2 ELECTRODE HOLDERS 
1. Genera l  C o n s i d e r a t i o n s  
Major f a c t o r s  t h a t  must be cons ide red  i n  d e s i g n i n g  f u e l  c e l l  
e l e c t r o d e  h o l d e r s  and man i fo ld ing  are summarized i n  Table  21. 
Tab le  21 
FUEL CELL ELECTRODE HOLDER DESIGN FACTORS 
F a c t o r  
S e a l i n g  
P r e s s u r e  Drop 
Land t o  Groove R a t i o  
Heat T r a n s f e r  
Water and Other 
Byproduct Removal 
R e a c t a n t  D i s t r i b u t i o n  
and Concen t r a t ion  
C e l l  Geometry 
C u r r e n t  C o l l e c t i o n  
H a l f  -Cell Reac t ion  
Type 
Me c ha n i ea  1 
Me c han i c a  1 
M e c h a n i c a l - E l e c t r i c a l  
Mechanical-Process  
Proc.es s 
P rocess  
Me c ha n i ea  1 
E l e c t r i c a l  
P rocess  
While s e v e r a l  of these  f a c t o r s  are  i n t e r r e l a t e d  (e .g . ,  l and -  
to-groove  r a t i o  and c u r r e n t  c o l l e c t i o n  method a f f e c t  b o t h  e l e c -  
t r o d e  s u p p o r t  and i n t e r n a l  e l e c t r i c a l  l o s s e s )  the  above l i s t i n g  
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p r o v i d e s  a convenient  approach  t o  t he  o v e r a l l  t a s k .  No o r d e r  o f  
importance has been a t t ached  t o  t h e  v a r i o u s  f a c t o r s ,  p r i m a r i l y  
because  o f  t h e  i n t e r r e l a t i o n s h i p s  mentioned and  the  n e c e s s i t y  f o r  
c o n s i d e r i n g  t h e  e f f e c t  of  e a c h  f a c t o r  v a r i a t i o n  on t h e  o t h e r  
f a c t o r s .  
T h i s  c o n t r a c t  c a l l s  f o r  the d e s i g n  of  gas e l e c t r o d e s  t o  u t i l -  
i z e  the  f o l l o w i n g  r e a c t a n t s  : 
F u e l s  : H 2  
H2-rich reformed Aerozine-50 
Aeroz i n e  -50 
Oxid ize r s  : 02 
0 2 - r i c h  reformed N 2 0 4  
N 2 0 4  
U n t i l  exper iments  c a r r i e d  on i n  o t h e r  tasks more c l e a r l y  
e s t a b l i s h  t h e  composi t ions  of the  c a t a l y t i c a l l y  reformed f u e l  and  
o x i d i z e r  streams, e x a c t  e s t a b l i s h m e n t  o f  s u i t a b l e  e l e c t r o d e  
h o l d e r s  f o r  such  streams i s  n o t  p o s s i b l e .  
I f  p u r i f i c a t i o n  of  t he  reformed streams i s  r e q u i r e d ,  t o  sup-  
p l y  p u r e  hydrogen and pu re  oxygen, e l e c t r o d e  h o l d e r s  w i t h  s u i t a b l e  
man i fo ld ing  w i l l  be r e q u i r e d .  T h i s  i s  n o t  cons ide red  t o  be a com- 
p l e x  task ,  s i n c e  the c l e a n n e s s  of t h e  H 2 - 0 2  r e a c t i o n  ( H 2 0  i s  the  
on ly  material  byproduc t )  and t h e  n e c e s s i t y  f o r  "deadending" t o  
conserve  r e a c t a n t s  d i c t a t e s  water removal v i a  a r o u t e  o t h e r  t h a n  
purge  or r e c i r c u l a t i o n  of r e a c t a n t  i f  sys tem s i m p l i c i t y  i s  d e s i r e d .  
For t h i s  r eason  e l e c t r o d e  h o l d e r  d e s i g n s  f o r  N 2 0 4  should  be  ade -  
q u a t e  f o r  t h e  H 2  or 02 streams. 
D i r e c t  u t i l i z a t i o n  of Aerozine-50 i n  t h e  f u e l  c e l l  has n o t ,  
as y e t ,  been s a t i s f a c t o r i l y  ach ieved .  Hence, d e s i g n  of e l e c t r o d e  
h o l d e r s  f o r  t h i s  s e r v i c e  must await f u r t h e r  e l e c t r o d e  and  c a t a -  
l y s t  developments.  
N 2 0 4  can  be d i r e c t l y  u t i l i z e d  a t  p r e s e n t l y  a v a i l a b l e  e l ec -  
t r o d e s  and emphasis has t h e r e f o r e  been p l a c e d  on d e s i g n  of  t h e  
r e q u i r e d  1/3-ft2 N 2 0 4  e l e c t r o d e  h o l d e r s .  
2 .  N 2 0 4  E l e c t r o d e  Holder Design C o n s i d e r a t i o n s  
a .  H a l f  -Ce l l  Reac t ion  
E l e c t r o r e d u c t i o n  of N 2 0 4  can occur  t h r o u g h  s e v e r a l  r o u t e s  
b u t  the  predominant r e a c t i o n  a p p e a r s  t o  b e :  
N O 2  + 2H' + 2e-- NO + H 2 0  (26 ) 
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Reac tan t  a n d  p roduc t  r a t e s  based on the  above r e a c t i o n  are  g iven  
i n  Table  22 a t  v a r i o u s  c u r r e n t  d e n s i t i e s  ( r e a c t i o n  r a t e s )  f o r  a 
1/3-ft2 e l e c t r o d e  area.  
Table  22 
STOICHIOMETRIC PRODUCT AND FEED RATES FOR 
ELECTRO-OXIDATION OF N 2 0 4 ,  NO t o  NO 
( ~ / ~ - F T z  ELECTRODE AREA? 
C u r r e n t  
Dens i ty  C u r r e n t ,  
amp/f t 2 ’ amp 
25 8.3 
50 
100 
16.7 
33.3 
150 50 
200 66.6 
Sto i c h ,  S t o i c h .  
N O 2  Rate, NO P roduc t ,  
e l e  c t r  ode e l e c t r o d e  
g/min/ g/min/ 
0.119 0.077 
0.238 0.155 
0.476 0.310 
0.714 0.465 
0.952 0.620 
S t o i c h .  
H 2 0  Product  
e l e c t r o d e  
0.046 
0.093 
0,186 
0.279 
0.372 
I n  p r a c t i c e ,  byproduct  N O  d i f f u s e s  back  th rough  the  e l e c -  
t r o d e  from t h e  c a t a l y t i c a l l y  a c t i v e  s i t e s  t o  t h e  b u l k  of  t h e  
r e a c t a n t  stream, w i t h  a consequent d i l u t i o n  e f f e c t  on t h e  N 2 0 4  
( N 0 2 )  c o n c e n t r a t i o n .  H20 formed can e n t e r  t h e  e l e c t r o l y t e  or 
b a c k - d i f f u s e  t o  t he  r e a c t a n t  stream, depending on t empera tu re  
and  e l e c t r o d e  p r o p e r t i e s .  
some r e a c t i o n  w i t h  t he  N O 2  undoubtedly o c c u r s ,  a l t h o u g h  t h e  e x a c t  
e x t e n t  of t h i s  r e a c t i o n  i s  u n c e r t a i n .  
a n c e  i s  p robab ly  h i g h l y  dependent on f l o w  r a t e ,  d i f f u s i o n  of H 2 0  
i n  t h e  gas stream, and  c o n c e n t r a t i o n s .  
Where H 2 0  does  go to t h e  NO2 stream, 
Its e f f e c t  on c e l l  perform- 
P rev ious  exper iments  (Ref 2 7 )  showed t h a t  l i t t l e  degrada-  
t i o n  of  ca thode  p o t e n t i a l s  i s  caused by NO c o n c e n t r a t i o n s  i n  the  
N O 2  feed stream, up to 50% NO. F o r  p r e l i m i n a r y  d e s i g n  pu rposes ,  
t h e n ,  a N02-byproduct e x i t  s t r eam w i t h  a maximum N O 2  concen t r a -  
t i o n  of 50% w i l l  be assumed. 
Water t r a n s p o r t  problems a re  d i s c u s s e d  i n  a subsequent  s e c -  
t i o n  of t h i s  r e p o r t .  II 
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b .  Cel l  Geometry ( O v e r a l l  Shape and  S i z e  
Minimum weight ,  volume, and  s e a l i n g  p e r i m e t e r  u s u a l l y  can 
b e s t  be  r e a l i z e d  i n  a c e l l  of c i r c u l a r  c r o s s - s e c t i o n .  However, 
gas mani fo ld ing  i n  a c i r c u l a r  c e l l  can  be  compl ica ted  where a 
con t inuous  flow-through i s  r e q u i r e d  as i n  t h e  c a s e  of  N O 2  streams, 
and where d e f i n i t e  and complex f low p a t t e r n s  are d i c t a t e d  by p roc -  
ess c o n s i d e r a t i o n s .  
Table  23 d e s c r i b e s  c e l l  o v e r a l l  geometry v a r i a t i o n s  for c i r -  
c u l a r ,  s q u a r e ,  and r e c t a n g u l a r  shapes  f o r  4 8 - i n . 2  ( l /3 - f t2)  e l e c -  
t r o d e s .  
Minimum s e a l i n g  p e r i m e t e r  can be o b t a i n e d  w i t h  t h e  c i r c u l a r  
shape ,  while  minimum g r o s s  c r o s s - s e c t i o n a l  area ( p r o p o r t i o n a l  t o  
c e l l  volume) is  ob ta ined  w i t h  t h e  s q u a r e  shape .  Both p e r i m e t e r  
and  area d i f f e r e n c e s  a re  a d m i t t e d l y  small, b u t  t he  p o t e n t i a l  s av -  
i n g s  i n  volume and  p o s s i b l y  weight i n d i c a t e d  by the  lower gross 
area of t h e  square  geometry s u g g e s t s  such  a shape  as b e i n g  p r e f e r -  
a b l e .  Des igner ' s  c h o i c e ,  t h e n ,  i s  f o r  t he  squa re  e l e c t r o d e  geometry.  
Table  23 
POTENTIAL CELL OVERALL GEOMETRY VARIATIONS 
FOR 1/3-FT2 ELECTRODES 
Shape Dimensional D e s c r i p t i o n  
C i r c u l a r  8 . 0  i n .  a c t i v e  d i a .  
1.5 i n .  d i a .  mani fo ld  hub 
3/8  i n .  wide p e r i m e t e r  sea l  
Square 6.9 x 6.9 i n .  a c t i v e  area 
3/8 i n .  wide p e r i m e t e r  seal  
Rec tangu la r  6 x 8 i n .  a c t i v e  area 
3/8 i n .  wide p e r i m e t e r  s ea l  
5.35 x 9 i n .  a c t i v e  area 
3/8 i n .  wide p e r i m e t e r  seal  
4.8 x 10 i n .  a c t i v e  area 
3/8 i n .  wide p e r i m e t e r  sea l  
4.0 x 1 2  i n .  a c t i v e  area 
3/8 i n .  wide p e r i m e t e r  s ea l  
Seal Gross 
P e r i m e t e r ,  Area, 
i n .  i n . 2  
27.4 60 
30.6 58.5 
31.0 59.0 
31.7 59.5 
32.6 
35.0 
59.7 
60.5 
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e .  Reac tan t  D i s t r i b u t i o n  and Concen t r a t ion  - -  
Land-to-Groove R a t i o  
A s  d i s c u s s e d  under  " C e l l  Reac t ion"  above it  a p p e a r s  c e r t a i n  
t h a t  i t  w i l l  be necessa ry  t o  purge a c o n s i d e r a b l e  p o r t i o n  of  t he  
N O 2  feed stream ( p o s s i b l y  up t o  50%) t o  p r e v e n t  e x c e s s i v e  ca thode  
p o l a r i z a t i o n  caused by dec reased  N O 2  c o n c e n t r a t i o n  and/or  h i g h  NO 
byproduct  c o n c e n t r a t i o n s .  
A l o n g  N O 2  f l o w  p a t h  i s  t h e r e f o r e  i n d i c a t e d  t o  c a u s e  maximum 
c o n t a c t  of t h e  c o n t i n u o u s l y  deg rada t ing  N O 2  stream w i t h  t h e  e l e c -  
t r o d e  s u r f a c e  and  o b t a i n  as h i g h  a N O 2  u t i l i z a t i o n  as i s  p o s s i b l e .  
M u l t i p l e  p a s s  of  t h e  N O 2  stream w i l l  b e s t  produce t h i s  ex tended  
c o n t a c t ,  b u t  c a r e  must be t a k e n  t o  p r e v e n t  e x c e s s i v e  p r e s s u r e  
d rops  w i t h  r e s u l t i n g  areas o f  h igh  s t a t i c  p r e s s u r e  s u f f i c i e n t  t o  
c a u s e  gross t r a n s f e r  o f  N O 2  th rough t h e  permeable  e l e c t r o d e .  
F u r t h e r ,  r e a s o n a b l e  d i s t r i b u t i o n  of  " s t rong"  and  "weak" p a s s  
streams i s  r e q u i r e d  t o  i n s u r e  r e l a t i v e l y  even c u r r e n t  d e n s i t i e s  
a c r o s s  the  e l e c t r o d e  s u r f a c e .  
The grooving  geometry t h a t  appea r s  t o  b e s t  meet the  above 
r equ i r emen t s  i s  i l l u s t r a t e d  i n  F igu re  17. 
Exper ience  has shown t h a t  t h e  MRD carbon ca thode  performs 
w e l l  w i t h  a 1/8- inch groove,  1/8- inch l a n d  suppor t  and  d i s t r i b u -  
t i o n  system. P o l a r i z a t i o n  cu rves  f o r  small, unsuppor ted  h a l f -  
c e l l  e l e c t r o d e s  and  f o r  1/16 f t 2 ,  1/8- inch land-groove suppor t ed  
e l e c t r o d e s  are  e s s e n t i a l l y  i d e n t i c a l .  Mechanica l ly ,  wider  grooves 
and/or  nar rower  l a n d s  u s u a l l y  cause e x c e s s i v e  e x t r u s i o n  o f  the  
MRD e l e c t r o d e s  i n t o  t h e  f l o w  channel  w i t h  h i g h e r  p o s s i b i l i t y  of  
e v e n t u a l  e l e c t r o d e  r u p t u r e .  
F o r  t he  grooving  d e t a i l  shown i n  F i g u r e  17, as a p p l i e d  to 
t h e  l/3-ft2 s q u a r e  geometry e l e c t r o d e  shape ,  a n  o v e r a l l  f l ow 
l e n g t h  of approx ima te ly  19 inches  p e r  p a r a , l l e l  p a t h  i s  o b t a i n e d .  
Width o f  t h e  r e p e a t i n g  e l e m e n t  i s  3/4 i n c h ,  r e q u i r i n g  n i n e  such  
elements  f o r  t h e  48- in .2  s u a r e  e l e c t r o d e ,  T h i s  c o n f i g u r a t i o n  
a lways  p l a c e s  t h e  weakest 7 No. 3 )  N O 2  c o n c e n t r a t i o n  p a s s  of  e a c h  
e lement  a d j a c e n t  to a s t r o n g e s t  c o n c e n t r a t i o n  (No. 1) pass excep t  
f o r  t h e  l a s t  e lement .  A s i n g l e  p a s s  f rom i n l e t  t o  exhaus t  m a n i -  
f o l d  a t  t h e  end of t h e  n i n e  mul t i -pas s  r e p e a t i n g  groove e lements  
w i l l  e l i m i n a t e  t h e  e x c e p t i o n .  
T h i s  f low p a t t e r n  should  provide  a r e a s o n a b l y  even d i s t r i b u -  
t i o n  of  NO2 ove r  t h e  e n t i r e  e l e c t r o d e  area,  though a s l i g h t  over -  
a l l  N O 2  c o n c e n t r a t i o n  g r a d i e n t  from i n l e t  t o  e x h a u s t  mani fo ld  w i l l  
i n e v i t a b l y  e x i s t .  
P r e s s u r e  d rops  i n  t h e  19-inch l o n g ,  m u l t i - p a s s ,  p a r a l l e l  
p a t h s  s h o u l d  be s l i g h t  ( < 0 . 5 - i n e  H 2 0  gauge i f  gas f lows  r e s u l t  i n  
Reynolds  Numbers ( N R ~ )  l e s s  t h a n  100. F i g u r e  18 i l l u s t r a t e s  p r e s -  
s u r e  d r o p s  i n  MRC f u e l  c e l l  des igns  as de termined  i n  t e s t  f i x t u r e s  
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w i t h  1 /8- in .  wide grooves on 1 / 4 - i n .  c e n t e r s ,  0.050-in.  or 0.030-in.  
deep grooves ,  w i t h  a i r  as  t h e  t e s t  f l u i d .  
From a mechanical  s t a n d p o i n t ,  t h i s  m u l t i - p a s s  grocve  c o n s t r u c -  
t i o n  w i t h  1/8- inch l a n d ,  1/8- inch groove w i l l  p r o v i d e  a l and- to -  
groove r a t i o  of approximate ly  0.7 when i n l e t  and exhaus t  mani fo lds  
are cons ide red .  T h i s  v a l u e  h a s  been shown i n  p r e v i o u s  p r o p r i e t a r y  
work i n  our l a b o r a t o r y  t o  p rov ide  adequa te  mechanical  s u p p o r t  w i t h  
n e g l i g i b l e  i n t e r n a l  e l e c t r i c a l  r e s i s t a n c e  l o s s e s  due t o  c o n t a c t  
area f o r  c u r r e n t  c o l l e c t i o n  purposes  a t  c u r r e n t  d e n s i t i e s  up t o  
a t  leas t  200 amp/ft2. 
d .  Water T r a n s p o r t  and  Material Balance  
It has been p r e v i o u s l y  r e p o r t e d  ( R e f .  27 and 2 8 )  t h a t  t h e  
performance of MRD carbon ca thodes  i s  i n f l u e n c e d  t o  a c o n s i d e r a b l e  
e x t e n t  by N 2 0 4  f l ow ra tes .  A f low r a t e  of 22 m g  N204/min-cm2 was 
found necessa ry  f o r  c u r r e n t  d e n s i t i e s  i n  t h e  range  o f  100 amp/ft2.  
Such a f low ra te  r e p r e s e n t s  a N 2 0 4 ( N 0 2 )  u t i l i z a t i o n  e f f i c i e n c y  o f  
on ly  abou t  8%. It was b e l i e v e d  t h a t  t h e  e x c e s s i v e  N 2 0 4  ra tes  were 
necessa ry  t o  remove back-d i f fused  water of r e a c t i o n ,  which t e n d s  
t o  condense on t h e  e l e c t r o d e  s u r f a c e  due t o  t r a n s f e r  l i m i t a t i o n s .  
Such condensed water could  b lock  N O 2  d i f f u s i o n  t o  a c t i v e  s i t e s  
e i t h e r  mechanica l ly  or t h rough  f a v o r i n g  o f  t he  r e a c t i o n  
3N02 + H2O- 2"03 + NO ( w a r m  c o n c e n t r a t e d  s o l u t i o n )  ( 2 7 )  
t h u s  producing  the  more s lowly  d i f f u s i n g  "03 as t h e  a c t i v e  
o x i d a n t .  
The f l o w  ra te  o f  22 mg N204/min-cm2 co r re sponds  t o  a n  a v e r a g e  
Reynolds Number 
( e q u i v  d i a )  ( v e l  ) ( d e n s i t y )  - 
v i s c o s i t y  - N R e  
o f  approximate ly  40, which i s  s t i l l  w e l l  w i t h i n  t h e  l amina r  f low 
range  and  s u g g e s t s  H 2 0  t r a n s f e r  l i m i t a t i o n s  due t o  poor  f i l m  co-  
e f f i c i e n t s .  
During t h e  p a s t  p e r i o d  a f u r t h e r  s e t  o f  expe r imen t s  was r u n  
t o  e v a l u a t e  N 2 O 4  ca thode  performance as a f u n c t i o n  of f low r a t e  
or ave rage  NRe. R e s u l t s  a re  shewn i n  F i g u r e  19. 
N 2 O 4  f l ow ra tes  were v a r i e d  from a p p r o x i m a t e l y  10 t o  30 m g  
N204/min-cm2 s o  t h a t  N R ~  v a r i e d  ove r  t h e  r e l a t i v e l y  narrow l a m i n a r  
f l ow range  of 25 t o  70. Again, dependence of ca thode  p o t e n t i a l  
on N 2 O 4  f low (expres sed  as Reynolds Number) w a s  shown t o  e x i s t ,  
p a r t i c u l a r l y  a t  the h i g h e r  c u r r e n t  d e n s i t i e s .  
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It i s  not  sugges t ed  t h a t  N 2 0 4  ca thode  p o t e n t i a l  i s  s o l e l y  a 
f u n c t i o n  of Reynolds Number, b u t  i t  i s  a p p a r e n t  t h a t  f low,  ex -  
p r e s s e d  as N R ~  i s  a n  impor t an t  f a c t o r ,  as ev idenced  by the  r e l a -  
t i v e l y  large p o t e n t i a l  v a r i a t i o n s  seen  i n  F i g u r e  19 ove r  a very  
small span of NRe. 
Numbers g r e a t e r  t h a n  abou t  50 shou ld  be ma in ta ined  i n  grooving  
and man i fo lds  of N 2 0 4  ca thodes .  
It i s  concluded t h a t ,  i n  g e n e r a l ,  Reynolds 
A s h o r t  expe r imen ta l  program t o  de t e rmine  r a t e  of  water t r a n s -  
f e r  th rough  a n  MRD double ,  p r e s s e d ,  carbon ca thode  from a b u l k  
l i q u i d  on one s i d e  t o  a f l o w i n g  gas stream was unde r t aken .  
An MRC carbon ca thode ,  double  t h i c k n e s s  p r e s s e d  t o g e t h e r  a t  
2660 p s i  , 25"C, was mounted between grooved end p l a t e s  (1 /8- in ,  
and a m b i e n t  a i r  a t  v a r i o u s  f low rates  were f lowed on o p p o s i t e  
s i d e s  of the  e l e c t r o d e  t o  v a p o r i z e  H 2 0  from t h e  l i q u i d  stream and 
cause  d i f f u s i o n  through t h e  ca thode  and i n t o  t he  gas c a r r i e r  stream. 
l a n d ,  1/ % - i n .  groove,  9 - i n . 2  a r e a ) .  Water a t  v a r i o u s  t empera tu res  
Humidity of the e x i t  w e t  a i r  was de termined  by w e t  bu lb- -dry  
bu lb  psychrometry,  and checked by condensa t ion  of e n t r a i n e d  water 
i n  a 0 ° C  c o l d  t r a p .  Gas f low rates  were de termined  w i t h  a p r e -  
c i s i o n  r o t a m e t e r  c a l i b r a t e d  w i t h  a wet t e s t  meter. R e s u l t s  are  
shown i n  F igu re  20, which compares weight  of water t ransfer red  
th rough  the  e l e c t r o d e  and removed by the gas stream i n  .g H20/min/ 
i n . 2  of  e l e c t r o d e  w i t h  a n  ave rage  c a l c u l a t e d  Reynolds Number e v a l -  
u a t e d  a t  mean gas  e x i t  t empera tu res .  
Data p o i n t s  were o b t a i n e d  on ly  f o r  t he  c a s e  where the  gas 
stream was n o t  s a t u r a t e d  w i t h  water vapor .  Thus a t  70°C l i q u i d  
t empera tu re  gas f lows  e q u i v a l e n t  t o  a N of l ess  t h a n  a b o u t  200 
r e s u l t  i n  a s a t u r a t i o n  c o n d i t i o n .  
u a t e d ,  a l i m i t i n g  H 2 0  d i f f u s i o n  r a t e  th rough  the  e l e c t r o d e  was 
found,  as  shown by F i g u r e  21. 
A t  t# t h r e e  t e m p e r a t u r e s  e v a l -  
Fo r  t h e  case  where a N 2 0 4  f l ow of 22 mg/min-cm2 was r e q u i r e d  
i t  was found t h a t  o p e r a t i o n  a t  water b a l a n c e  d i c t a t e s  a c a r r i e r  
gas humidi ty  of 0.027 g HSO/g bone-dry gas. S ince  a t  t h e  low NRe 
encountered  (-40) t h e  g a s  stream was s u r e l y  s a t u r a t e d  (-0.15 g 
H2O/g bone-dry g a s )  as  shown by F i g u r e  20,  i t  can o n l y  be con- 
c luded  tha t  water  removal fa r  exceeded t h e  water b a l a n c e  r e q u i r e -  
ment and c o n c e n t r a t i o n  e f f e c t s  as p r e d i c t e d  by the  Nerns t  e q u a t i o n  
p robab ly  c o n t r i b u t e d  t o  t h e  poor  c a t h o d i c  performance a t  low f low 
ra tes .  
The MRD double p r e s s e d  ca thode  p e r m i t s  H 2 0  vapor  d i f f u s i o n  
of abou t  0.065 g/min-in. a t  90°C l i q u i d  t empera tu re  while  water 
removed by gas h u m i d i f i c a t i o n  should  be on ly  a b o u t  0.0037 g/min- 
i n . ; ?  from s t o i c h i o m e t r i c  c o n s i d e r a t i o n s .  It i s  concluded t h a t  
g r e a t e r  d i f f u s i o n  c o n t r o l  i n  the  ca thode  i s  n e c e s s a r y .  
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A material  ba l ance  (Tab le  2 4 )  on a s i n g l e  1/3-ft2 N204 c a t h -  
ode a t  100 ASF l o a d  i n d i c a t e s  that an  o p e r a t i n g  t empera tu re  of  
70°C i s  r e q u i r e d  f o r  water ba lance  a t  a 1:l NO, N O 2  mole r a t i o  i n  
t h e  e x i t  gas. 
I f  N O 2  i s  comple te ly  consumed s o  t h a t  e x i t  gas c o n t a i n s  o n l y  
NO and water, t h e  water ba l ance  tempera ture  i s  81"c. These c a l c u -  
l a t i o n s  assume no r e a c t i o n  between N O 2  and  water vapor .  
e .  Proposed T e s t  Ce l l  Cons t ruc t ion  
A l /3-ft2 t e s t  c e l l  d e s i g n  h a s  b e e n  made t o  e v a l u a t e  t h e  
grooving  and f low ar rangements  p r e v i o u s l y  d i s c u s s e d .  A 7 x 7 i n .  
a c t i v e  e l e c t r o d e  area u n i t  h a s  been s e l e c t e d  w i t h  c o n s t r u c t i o n  
similar t o  t h a t  of  t h e  3 x 3 i n .  c e l l s  p r e s e n t l y  i n  u s e  a t  MRC. 
P r i n c i p a l  f e a t u r e  of t h e  la rge  s i z e  tes t  c e l l  i s  a r e p l a c e a b l e  
f low p l a t e  p e r m i t t i n g  t e s t i n g  w i t h  v a r i o u s  groove ar rangements  
and  d e p t h s .  
Detai ls  of t h e  frame and i n s e r t  are  shown i n  F i g u r e  22. The 
c e n t e r  exposed e l e c t r o d e  area i s  7 x 7 i n .  S e a l i n g  between the  
e l e c t r o d e  and frame i s  p rov ided  by a 0.25-in.  wide 0 ,020- in .  t h i c k  
l i p  a round  t h e  p e r i m e t e r  o f  t h e  e l e c t r o d e .  I n s e r t  t o  frame seal-  
i n g  i s  p rov ided  by an  O-ring as shown. R e a c t a n t  f l ow passages  
a c r o s s  t h e  f a c e  of  t h e  e l e c t r o d e  w i l l  be i n  the form of slots c u t  
i n  a removable p l a t e .  The des ign  of t he  i n i t i a l  f l o w  p l a t e  i s  
shown i n  F i g u r e  23. Shown a l s o  i n  F i g u r e  23  i s  t h e  way i n  which 
t h e  f l o w  p l a t e  p a t t e r n  w i l l  mate w i t h  the  i n s e r t  man i fo lds  p ro -  
v i d i n g  i n l e t  and  o u t l e t  f o r  t h e  p a t t e r n .  Due t o  the  r e p l a c e a b i l i t y  
of  t h i s  f l o w  p l a t e ,  d i f f e r e n t  f low p a t t e r n s  and groove d e p t h s  may 
be accommodated by f a b r i c a t i o n  of a d d i t i o n a l  p l a t e s .  
f .  F u t u r e  Work 
C o n s t r u c t i o n  of the proposed 1/3-ft2 tes t  c e l l  i s  p lanned  
for t he  n e x t  q u a r t e r  and  an  exper imenta l  program t o  e v a l u a t e  
e l e c t r o c h e m i c a l  performance under v a r y i n g  p r o c e s s  c o n d i t i o n s  w i l l  
b e  e x e c u t e d .  
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I 
T a b l e  24 
MATERIAL BALANCE ON 1/3-FT2 N204 CATHODE AT 100 ASF 
A.  Assume e x i t  gas c o n t a i n s  N O 2  a n d  NO i n  1:l mole r a t i o .  
Weight Weight 
Rate I n ,  Rate Out 
Compo ne n t g/min g/min ' 
H 0.021 
N O 2  0.952 0.476 
NO 0.31 
H20 0.186 
TOTALS 0.973 0.972 
Average molecular weight of bone dry e x i t  gas = 38.1 
Actual humidity of e x i t  gas a t  water balance i s  
0.186 g H20/0.786 g bone dry gas = 0.236 
H20 ( p )  
mwbone dry gas 
mw 
Humidity = 
where mw = molecular weight 
p = par t ia l  pressure  of water 
p = 0.33 a t m  
Corresponding t o  water vapor pressure  a t  70°C above 5M H3P04. 
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APPENDIX I 
WORK PLAN 
PHASE I .  PRELIMINARY TEST PROGRAM 
TASK 1. AEROZINE-50 REFORMING STUDIES 
A .  OBJECTIVE 
Determine t h e  bes t  c a t a l y s t s  and c o n d i t i o n s  f o r  t h e  re forming  of  
Aerozine-50 t o  a hydrogen-r ich  feed  s t o c k  s u i t a b l e  f o r  f u e l  c e l l s .  
Design, c o n s t r u c t  and o p e r a t e  ( f o r  1000 h o u r s ) )  a breadboard 
r e fo rmer  . 
B . BACKGROUND 
The N2H4 component of Aerozine-50 decomposes r e a d i l y  t o  H2  and N 2 .  
The r e fo rming  of t he  UDMH f r a c t i o n  was demonstrated i n  t h e  l a s t  
c o n t r a c t  and i s  the  pr imary  r e a c t a n t  i n  t h i s  work. P r e s e n t  p l a n s  
a r e  t o  u s e  a n  a v a i l a b l e  MRC re former  u n i t  ( w e l l  proven i n  hydro- 
carbon r e fo rming)  ra ther  t h a n  r e b u i l d  t he  re former  used  i n  t h e  
p r e v i o u s  c o n t r a c t .  Techn ica l  a s s i s t a n c e  i n  t h i s  work w i l l  be 
p rov ided  by Dr. B .  M .  Fabuss  who has had 15 y e a r s '  expe r i ence  i n  
r e l a t ed  f i e l d s  . 
C .  WORK PLANS 
Subtask 
l . l a  Procure  n e c e s s a r y  p a r t s  and c a t a l y s t s ,  and assemble 
h igh - t empera tu re  r e fo rmer .  
1. l b  Assemble low-temperature  r e a c t o r .  
1 .2a ,b  Run 
( a )  
i n i t i a l  s c r e e n i n g  t e s t s .  
Eleven commercial c a t a l y s t s  were chosen of p r e c i o u s  
metal ,  n i c k e l ,  and ox ide  t y p e s  suppor t ed  on 
a c t i v a t e d  alumina.  They are known NH3-dissociat ing 
o r  s team-reforming c a t a l y s t s  w i t h  s e v e r a l  
expe r imen ta l  c a t a l y s t s  i n c l u d e d .  Molecular  s i e v e  
and a c t i v a t e d  carbon c a t a l y s t s  w i l l  be formula ted  
and t e s t e d  a l s o .  
- 
Screen ing  r u n s  w i l l  be  made i n  b o t h  r e a c t o r s .  
The feed s t o c k s  w i l l  be :  UDMH a lone ,  - l ! k ~ H ~  a lone ,  
Aerozine 50 and H 2 0 ,  UDMH and H20. Product  
a n a l y s i s  will be made by a p p r o p r i a t e  t r a p s  
( e . g . ;  H 2 S 0 4  s o l u t i o n  f o r  NH3, KOH s o l u t i o n  f o r  C02, 
co ld  t r a p  for l i q u i d  p r o d u c t s )  and VPC (H2, CO, 
N 2  , C H 4 ) .  
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Sub task  
1.3 Completely c h a r a c t e r i z e  t h e  b e s t  c a t a l y s t (  s )  . The 
b e s t  c a t a l y s t ( s )  found i n  t h e  s c r e e n i n g  r u n s  w i l l  be 
completely c h a r a c t e r i z e d  w i t h  r e s p e c t  t o  t h e  o p e r a t i n g  
parameters  and t h e i r  e f f e c t  on p roduc t  s p e c i e s  and 
amount. 
1 . 4  Design breadboard r e fo rmer  u s i n g  c a t a l y s t  and c o n d i t i o n s  
agreed upon wi th  P r o j e c t  Monitor .  Procure  p a r t s ,  
c o n s t r u c t  equipment and per form i n i t i a l  t e s t i n g  and 
debugging . ,  S e t  up c o n t r o l  and s a f e t y  i n s t r u m e n t a t i o n .  
1 .5  Test r e fo rmer  f o r  1000 hours  o f  cont inuous  o p e r a t i o n .  
Analyze p roduc t ,  5 days/week. 
TASK 2 .  N 2 0 4  CATALYTIC DECOMPOSITION 
A .  OBJECTIVE 
Determine t h e  best c a t a l y s t s  and c o n d i t i o n s  f o r  t h e  decomposi t ion  
of N 2 0 4  i n t o  an oxygen-r ich f eed  s t o c k  s u i t a b l e  f o r  f u e l  c e l l s .  
Design, c o n s t r u c t ,  and o p e r a t e  ( f o r  1000 h o u r s )  a breadboard 
re former  . 
B . BACKGROUND 
The r e a c t i o n  N 2 0 4  = 2 N 0  + O2 goes e s s e n t i a l l y  t o  comple t ion  wi th -  
o u t  c a t a l y s t s  a t  6 0 0 " ~ ;  however, a t  room tempera tu re  t h e  r e a c t i o n  
i s  e s s e n t i a l l y  complete  i n  t h e  r e v e r s e  d i r e c t i o n .  One o b j e c t i v e  
of t h i s  work i s  t o  promote t h i s  r e a c t i o n  a t  lower t empera tu res  
by p rope r  manipula t ion  o f  k i n e t i c  p a r a m e t e r s . .  The problem t h e n  
i s  t h e  decomposi t ion of  NO t o  i t s  c o n s t i t u e n t s  i n  a n  oxygen-r ich  
environment .  P r e s e n t  p l a n s  are  t o  modify a r e fo rmer  u n i t  t o  
i n v e s t i g a t e  t hese  r e a c t i o n s .  
C .  WORK PLANS 
Sub task  
2 . 1  Procure n e c e s s a r y  p a r t s  and c a t a l y s t s ,  and assemble 
r e a c t o r .  
2 . 2  Run i n i t i a l  s c r e e n i n g  t e s t s .  
( a )  Nine commercial c a t a l y s t s  were chosen of  p r e c i o u s  
metal, n i c k e l  and copper  o x i d e s  suppor t ed  on a c t i -  
vated a lumina .  Some a re  known n i t r o g e n  o x i d e  de-  
composing c a t a l y s t s .  S e v e r a l  d i f f e r e n t  subs t ra tes  
and c a t a l y s t  t y p e s  w i l l  b e  f a b r i c a t e d  and t e s t ed .  
( b )  Screening  r u n s  w i l l  be made a t  t empera tu res  between 
200 and 800"c and s e v e r a l  f low r a t e s .  Unconverted 
NO (or N O 2 )  w i l l  be  a l l o w e d  t o  c o n v e r t  back t o  N 2 0 4  
i n  a time column and s u b s e q u e n t l y  w i l l  be removed i n  
a co ld  t r a p .  Product  02 and N2 w i l l  be  de t e rmined .  
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Sub task  
2 * 3  Completely c h a r a c t e r i z e  t h e  b e s t  c a t a l y s t ( s ) .  The b e s t  
c a t a l y s t ( s )  found i n  t h e  s c r e e n i n g  r u n s  w i l l  be  com- 
p l e t e l y  c h a r a c t e r i z e d  with r e s p e c t  t o  the  o p e r a t i n g  
pa rame te r s  ( i n c l u d i n g  p r e s s u r e )  and t h e i r  e f f e c t  on t h e  
amount of NO conve r t ed .  
Design breadboard  re former  us ing  c a t a l y s t  and c o n d i t i o n s  
agreed  upon w i t h  P r o j e c t  Monitor .  P r o c u r e  p a r t s ,  con- 
s t r u c t  equipment,  perform i n i t i a l  t e s t i n g  and debugging.  
S e t  up c o n t r o l  and s a f e t y  i n s t r u m e n t a t i o n .  
Analyze product ,  5 days/week. 
2.4 
2 -5 T e s t  re former  f o r  1000 hour s  of cont inuous  o p e r a t i o n .  
TASK 3. ELECTRODE DEVELOPMENT - DIRECT REACTANT USE 
A .  OBJECTIVE 
Develop e l e c t r o d e s  capable  of o p e r a t i n g  on Aerozine-50 and N 2 0 4  
d i r e c t l y  wi th  maximum e f f i c i e n c y  on a s i n g l e  pass through the  
e l e c t r o d e  chamber. Design, c o n s t r u c t ,  and c h a r a c t e r i z e  e l e c t r o d e s  
and h o l d e r s  of l/3 f t 2  s i z e .  
B . BACKGROUND 
Work on t h e  p r e v i o u s  c o n t r a c t s  has  produced semiopt imized e l e c -  
t r o d e s  f o r  b o t h  N 2 O 4  and N 2 H 4 .  Con t inua t ion  of t h i s  work i s  nec- 
e s s a r y  i n  o r d e r  t o  a d a p t  t h e  anode f o r  Aerozine-50 and t o  improve 
N 2 0 4  u t i l i z a t i o n  e f f i c i e n c y .  E l e c t r o d e  d e s i g n  work i s  r e q u i r e d  
t o  meet t h e  new requ i r emen t s  f o r  maximum u t i l i z a t i o n  i n  a s i n g l e  
p a s s  of r e a c t a n t .  
C .  WORK PLANS 
S u b t a s k  
3.1 Cathode o p t i m i z a t i o n  s t u d i e s .  
( a )  S t a t i s t i c a l  o p t i m i z a t i o n  s t u d y  of e l e c t r o d e  manu- 
f a c t u r i n g  procedures ,  carbon type,  c a t a l y s t s ,  
p o r o s i t y .  
f a c t o r s  found above i n  p r o t o t y p e  e l e c t r o d e s  and 
c e l l s .  
( b )  Complete c h a r a c t e r i z a t i o n  o f  b e s t  combinat ion of 
3 - 2  Development o f  Aerozine-50 anode.  
( a )  Adapt MRD-A p la t inum-Tef lon  anode f o r  u s e  on l i q u i d  
and/or  vapor  N 2 H 4 .  Main problem: dev@lop a d i f f u -  
s i o n  b a r r i e r  t o  p r e v e n t  decomposi t ion of N 2 H 4  
p r i o r  t o  e l e c t r o - o x i d a t i o n ,  
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Subtask 
3 - 2  (b) Test electrode developed above with Aerozine-50. 
Determine and test other catalysts which might 
oxidize methyl-hydrazines more efficiently. 
(c) Complete characterization of best combination of 
factors found above in prototype electrodes and 
cells. 
3 *3 Design l/3-ft2 electrodes and test eells. Present plans 
for improving reactant utilization on a single pass in- 
volve designing the electrodes to give the highest pos- 
sible reactant contact time to the electrode. This can 
be accomplished by the incorporation of baffles in the 
electrode chamber and by adjustment of the electrode 
and manifold geometry to yield high Reynolds Numbers 
for the gas flow. Water balance and reactant effici- 
encies are part of the considerations involved. 
3 -4 Electrode Tests. 
Based on the results of the design studies several 
electrode and half-cell modifications will be con- 
structed and experiments conducted to determine flow 
patterns, residence time, pressure drop, Reynolds Num- 
bers, etc. From this work the physical factors impor- 
tant to good electrode performance will be elucidated 
and optimized. 
3.5,3.6 To determine coulombic efficiencies, material balance 
calculations will require analytical methods to determine 
relative amounts of reactants and products for both 
electrodes. When possible standard methods will be used; 
otherwise methods will be developed and proven. 
3 -7,308 The final design of the l/3 f%.* electrode and holder 
for the N204 cathode will be fully characterized in 
half cells using H2 counter electrodes and acid electro- 
lytes. Similarly the Aerozine-50 anode will be fully 
characterized using O2 counter electrodes and acid 
electrolyte. Included in the characterization will be 
performance, coulombic and voltage efficiency at 6, 12, 
and 24 watts. Open-circuit tests will be made with 
flowing reactant streams to determine the amount of 
self decomposition. 
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APPENDIX I1 
CATALYST DATA 
Type Number: G-43 Manufacturer:  G i r d l e r  
C l a s s i f i c a t i o n :  Reduct ion of  Nitrogen Oxides 
Temperature Range: Not s p e c i f i e d  
Ac t ive  Mate r i a l :  Plat inum Promoted 
S u b s t r a t e  or Support :  
S i z e :  1/4"x 1/4" Shape: T a b l e t s  
A d d i t i o n a l  Informat ion:  Highly a c t i v e ,  p h y s i c a l l y  rugged. P r e s e n t l y  
i n  commercial u se  i n  pe t rochemica l  i n d u s t r y .  
. 
Type Number: T-1144 Manufacturer:  G i r d l e r  
Class i f  i c  at ion: Exper imenta l  
Temperature Range: 
Ac t ive  M a t e r i a l :  
S u b s t r a t e  or Support :  Re f rac to ry  Oxide 
S i z e :  3 /1611~ 1/8" Shape: T a b l e t s  
A d d i t i o n a l  In fo rma t ion  : 
Nickel  Oxide 5076 Nickel  
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APPENDIX I1 (Cont I d)  
Type Number: T-310 Manufacturer: G i rd l e r  
C las s i f  iCatiOn: Experimental 
Temperature Range: Not spec i f i ed  
Active Material:  
Subs t r a t e  o r  Support: Activated Alumina 
Size:  3/16” x 1/8” Shape: Tablets 
Additional Information: 
Nickel Oxide 10-12s n i c k e l  
Type Number: T-366 Manufacturer: G i rd l e r  
C las s i f i ca t ion :  Experimental 
Temperature Range: Not Spec i f ied  
Active Material:  Copper 50$ 
Subs t r a t e  o r  Support: Kieselguhr 
Size:  Powder Shape: 
Addit ional  Information: S t a b i l i z e d  t o  be non-Pyrophoric. 
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APPENDIX I1 (Cont Id) 
Type Number: T-317 Manufacturer: Gi rd le r  
Class i f ica t ion :  Experimental 
Temperature Range: Not Specified 
Active Material: Copper Oxide 10-12$ 
Subs t ra te  o r  Support: Activated Alumina 
Size: 3/16!' x 1/8" Shape: Tablets 
Additional Information: 
Type Number: T-315 Manufacturer: Girdler 
C las s i f i ca t ion :  Experimental 
Temperature Range: Not Specified 
Active Material:  Copper Oxide ( 3  t o  4$) 
Subs t r a t e  o r  Support: Activated Alumina 
Size: 3/16" x 1/811 Shape: Tab le t s  
Additional Information: 
ou ter  layer .  
Active material concentrated i n  t h i n  
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APPENDIX I1 ( Cont d )  
Type Number: T-313 Manufacturer: Girdler 
C las s i f i ca t ion :  Experimental 
Temperature Range: Not Specif ied 
Active Material: 
Subs t ra te  o r  Support: Activated A l u m i n a  
Size:  3/16" x 1/8" Shape: Tablets 
Additional Information: 
ou ter  layer .  
Nickel 3-4$, Copper 0.2$ 
Active materials concentrated i n  t h i n  
Type Number: G-31 Manufacturer: Girdler  
C las s i f i ca t ion :  Steam Reforming 
Temperature Range: 95Oo-115O0C 
Active Material:  Nickel 
Subs t ra te  o r  Support: Alumina 
Size: 5/8" t o  1-1/2 Shape: Lump 
Additional Information: High a c t i v i t y  may have t o  be crushed f o r  t r ia ls .  
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I -  APPENDIX I1 (Cont 'd)  
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Type Number: ICI-35-4 Manufacturer: Girdler 
Class i f ica t ion :  Ammonia Synthesis 
Temperature Range: Not Specified 
Active Material:  Tr ip le  Promoted I ron  Oxide 
Subs t ra te  o r  Support: 
Size:  2-8 mm Shape: Granules 
Additional Information: Long l i f e  - High o r  low temperature operation - 
Poisoned by s u l f u r  o r  oxygen compounds. 
Type Number: G-56 Manufacturer: Girdler 
Class i f ica t ion :  
Temperature Range: Not Specified 
Active Material: Nickel 
Subs t ra te  o r  Support: 
Size:  5/8 x 3/8 
Additional Information: 
Ammonia Dissociation and Steam Reforming 
Shape: Raschig Rings 
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APPENDIX I1 (Cont Id) 
Type Number: G-29 Manufacturer :  Girdler 
C l a s s i f i c a t i o n :  Ammonia D i s s o c i a t i o n  
Temperature Range: Not S p e c i f i e d  
Ac t ive  Mater ia l :  Nicke l  
S u b s t r a t e  o r  Support :  
S i z e :  1/2" Shape: Cyl inders  
Add i t iona l  Information:  Also used f o r  steam reforming .  
Type Number: (3-47 Manufacturer :  Girdler 
C l a s s i f i c a t i o n :  Ammonia D i s s o c i a t i o n  
Temperature Range: 85Oo-98O0 C 
Ac t ive  Mate r i a l :  I r o n  Oxide 
S u b s t r a t e  o r  Support :  
S i ze :  1/4" Shape: Spheres 
A d d i t i o n a l  Information:  High spare v e l o c i t i e s .  
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APPENDIX I1 (Cont'd) 
Type Number: MRC-Mn02 Manufacturer: MRC 
C 1 as s i f i c a t  ion : 
Temperature Range: lOO-5OO"C 
Active Material:  MnOa 
Subs t r a t e  or Support: 
Size:  
Addit ional  Information: 
Exper imen ta 1 
Shape: 
Manufacturer: Engelhard Type Number: 3355 
C l a s s i f i c a t i o n :  
Temperature Range: 
Act ive Material: 0.5s Platinum 
Subs t r a t e  o r  Support: Alumina 
Size :  1/8" Shape: Pel le ts  
Addi t iona l  Information: 
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APPENDIX I1 ( Cont d )  
Type Number: 4747 Manufacturer:  
C l a s s i f i c a t i o n :  
Temperature Range: 
Ac t ive  Material: 0.5s Rhodium 
S u b s t r a t e  o r  Support :  Alumina 
S i z e :  1/8” Shape: 
A d d i t i o n a l  Informat ion:  
Type Number: 3352 Manufacturer:  
C l a s s i f i c a t i o n :  
Temperature Range: 
Ac t ive  Material: 0.5% Plat inum 
S u b s t r a t e  o r  Support :  Alumina 
S i z e :  1/8” Shape : 
A d d i t i o n a l  Informat ion  : 
Enge l h a r d  
Pellets 
Baker Div. -Engelhard 
Pe l l e t s  
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Type Number: 3054 Manufacturer: Baker Div. -Engelhard 
C l a s s i f i c a t i o n :  
Temperature Range: 
Active Material: 0.58 Ruthenium 
Subs t r a t e  or Support: Alumina 
Size:  1/8” Shape: Pel le ts  
Addit ional  Information: 
Type Number: 3107 Manufacturer: Baker Div. -Engelhard 
C l a s s i f i c a t i o n :  Hydrogenation 
Temperature Range: Not S ta t ed  
Act ive Material:  O.5$ Palladium 
Subs t r a t e  or Support: Alumina 
Size:  1/8” Shape: Pe l le t s  
Addit ional  Information: Experimental 
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Type Number: T-312 Manufacturer: Girdler  
C l a s s i f i c a t i o n :  Experimental  
Temperature Range: n/s 
Act ive  Material: N icke l  and Copper Oxides 
S u b s t r a t e  o r  Support :  Ac t iva t ed  Alumina 
S ize :  3/16'' x 1/811 Shape: Tablets 
Add i t iona l  Informat ion:  
n i c k e l  and 1% copper .  
Carrier - alumina c o n t a i n i n g  10-12k 
Type Number: 309 Manufacturer:  
C l a s s i f i c a t i o n :  Experimental  
Temperature Range: n/s 
Act ive  Material: Plat inum Oxide 
S u b s t r a t e  o r  Support:  Alumina 
S i z e :  3/16'' x 1/8" Shape: 
Gird le  r 
Tab le t s  
Add i t iona l  Informat ion:  Platinum Oxide c o n c e n t r a t e d  ,n t h i n  o u t e r  
layers on a c t i v e  alumina s u b s t r a t e  c o n t a i n i n g  O.l$ plat inum. 
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